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ABSTRACT
A wide range of nylon materials, with 
combinations of fibre reinforcement and 
rubber toughening, nave been subjected to a 
large number of fracture tests. Tne 
interactions between additions of fibre and 
rubber have been studied in order that these 
materials may be optimised for toughness.
Tne measured toughness was observed to be 
strongly dependent upon the test method. 
Toughness measurements were made at varying 
temperatures and strain rates.
Tne toughness was reduced by small fibre 
additions, but increased by large fibre 
additions. Further increases in toughness 
were induced by rubber toughening, but this 
effect is confined to fast fracture 
situations.
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1 INTRODUCTION
Thermoplastics are widely used for the manufacture of small 
mechanical components by the injection moulding process. This method 
of manu facture allows complex mouldings to be produced at high
production rates and at comparatively low costs. These materials 
offer moderate stiffness and strength with good corrosion resistance 
and excellent appearance. Tne main shortcomings of unreinforced 
thermoplastics are the relatively low levels of stiffness, high 
shrinkage during the manufacturing process, and low heat distortion 
temperatures. These properties may be considerably enhanced by the
incorporation of a dispersion of short stiff fibres. Tne most
commonly used fibre is E-glass, and carbon fibres have also been used
quite extensively. Tne general effect of the glass is to increase the 
stiffness and strength, and to increase the dimensional stability by 
reducing the shrinkage and raising the heat distortion temperature. 
These advantages however, are achieved at the expense of lower
ductility and higher melt viscosity which increases the difficulty of 
fabrication.
Thermoplastics have also been modified bydispersions of elastomers 
which modify the mode of failure by providing multiple sites for the 
initiation of crazing and other fracture processes. Tne dispersion 
has the effect of delocalising failure and arresting cracks which 
intersect the rubber particles. While this technology is highly 
developed for styrene polymers, it has been more recently applied to 
semi-crystalline nylons. This results in significant improvements in 
toughness as measured by the Cnarpy test.
Tne principal aim of this work has been to investigate the combined 
effects of glass reinforcement with rubber toughening in a
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semi-crystalline nylon: with the general objective of determining the
separate and combined influences of these additives on the balance of 
strength, stiffness and toughness. It is intended that this balance 
of properties may be realised in materials which are of commercial 
interest.
Tne investigation has been concerned with the identification of the 
fracture modes in these materials, which are complex, and relating 
them to the measured toughness parameters. Tne experimental programme 
has entailed fracture surface and microstructural observation.
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2 LITERATURE SURVEY
2.1 FABRICATION
2.1.1 Extrusion precompounding
The incorporation of fibres into a polymer matrix has been 
performed using either a direct injection moulding technique, or 
by including an additional extrusion operation. Injection
moulding a charge of dry-blended chopped fibres and matrix 
moulding granules results in inhomogeneous components and an 
extrusion stage is generally preferred. In extrusion
compounding the dry-blend is first passed through a screw type 
melt extruder. Tne extrudate is usually nauled-off and chopped 
in one operation ready for injection moulding.
Tnis technique is used widely in the large scale production
of fibre reinforced injection moulding granules. Tne wetting of 
the fibres by the thermoplastic and the degree of fibre 
dispersion attained throughout the moulding is very good 
compared with the direct injection moulding of a dry-blend of 
fibres and polymer. However, these advantages are offset by 
associated fibre breakage which is due to the severe mechanical 
shearing which occurs in the extruder barrel to obtain a good 
dispersion. Commercial extruders are optimised for high 
throughput of material which is associated with high shearing
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forces. Krencnel (JO snowed that relatively small compressive 
forces applied to non-woven glass fabric gave rise to fibre
breakage. Work by Lunt and Snortall (JO focussed on this 
disadvantage in extrusion compounding, emphasizing the fibre
length degradation problems related to screw transport and the 
associated shearing of the polymer/fibre bundle blend.
Processing variables may also influence the associated fibre 
breakage, as well as the fibre dispersion and wetting. This has 
been reported by Bader and Bowyer (_3). Lunt and Snortall Op 
likewise report that fibre degradation is dependent on screw
speed and die diameter. In their study the mechanism of fibre 
attrition in the extrusion process is investigated. In nylon
6.6 (2), it was concluded by Lunt and Snortall that the majority 
of the fibre breakage occurs in a small region along the 
extruder barrel and that in steady state operation, it is the 
region of the melt pool which is associated with this effect.
Johnson and Lunt (50 postulate three mechanisms by which
fibre length is reduced during the compounding operation. These
are :.
i) by monofilaments bending around the high curvature surfaces 
of other filaments,
ii) by the turbulent motion of the polymer melt producing 
sufficient amounts of stress in a filament to cause tensile 
failure,
iii) by the film of sizing material between adjacent filaments 
breaking down under conditions of high shear - a phenomenon that 
results in a contraction of the high modulus glass surfaces and 
consequently leads to crack propogation through the filaments.
The fibres which are initially 3 to 5 mm in length in the
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chopped glass strands, can be broken down to an extremely wide 
length distribution. They can range from the original starting 
length down to twice the fibre diameter, say 2(Jpm.
However, the extrusion process does give rise to excellent 
wetting of the fibres, which is enhanced by the ability to 
remove volatiles from the barrel during plasticisation.
2.1.2 Wire drawing process
The development of alternative processing techniques has 
arisen as a result of the obvious demand for short fibre 
reinforced thermoplastics which contain longer fibres. The 
efficiency of reinforcement with increasing fibre length is 
described by Bader and Bowyer (_3). For fibres of length greater
than five times the critical fibre length, the efficiency of
reinforcement approaches that expected from an equivalent fibre 
fraction composite containing continuous fibres (see Fig.2.1). 
Bader and Bowyer have developed a process employing a 
conventional extruder, whereby a glass fibre roving is coated in 
molten thermoplastic as it passes through the cross-head die. 
Tne impregnated fibre tow is cooled and can be pelletised to any 
desired length. Tne technique does suffer the disadvantage, 
however, of producing material containing fibres which are 
unwetted in the centre of tne roving. Consequently, the
dispersion and impregnation demands made upon the moulding 
process are greater than when using extrusion compounded
moulding granules.
Despite these limitations, materials produced from this route
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have established a position in the materials marketplace.
More recently, ICI have developed a pultrusion process in 
which fibres can be impregnated by a thermoplastic matrix, with 
a high degree of wetting (6). Tne subsequent impregnated roving 
can be chopped into granules of the desired length, for
injection moulding. It has been reported that very long fibres 
(of the order of 2mm and greater) can be retained in the 
finished product. Furthermore, the mechanical properties -
especially toughness - are improved in these long fibre
materials.
2.1.3 In-situ polymerisation
One alternative to extrusion precompounding which avoids 
problems due to fibre degradation is to use an ’in-situf 
polymerisation, such as that described by Baer (7). 
Well-impregnated glass fibre reinforced moulding granules were 
produced using a matrix of styrene-acrylonitrile (SAN), and the 
fibres appeared to be more effectively wetted than those 
observed in the wire coating process. Bless, Semen and Lando 
(8>) have likewise carried out *in-situ* polymerisation using 
nylon 6.6/grapnite fibre composites. These preliminary 
experiments show that well-impregnated fibre composites can be 
produced with the original fibre lengths remaining intact.
Reinforced reaction injection moulding (RRIM) is widely used 
in reinforcing foams and tnermosets, but at present 
thermoplastics are only produced in high volume by extrusion 
wire coating or extrusion precompounding techniques.
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2.1.4 Injection moulding
The principal method of preparing SFRTP (short fibre reinforced 
! thermoplastics) components is at present injection moulding. Although !
the technique was
originally proposed for the processing of unfilled
. thermoplastics, it can also be used to produce short fibre 
composites. Tne same manufacturing machinery may be used, 
which is advantageous, but usually different machine settings 
are needed for optimum mouldings.
Tne development of good mouldings in fibre filled 
thermoplastics has been reviewed by many workers (9,10,11). 
Folkes (_1_2), for example, points out that the rheology and 
heat conductivity of the melt are significantly affected by 
the introduction of fibres. His recommended processing 
conditions are given as follows :
i) High injection speed
-preventing premature melt solidification.
-improving surface finish
ii) Low screw speed and back pressure
-minimising fibre breakage.
iii) Melt temperature maintained at the high end of a 
range recommended for unfilled matrix thermoplastic
-keeps melt viscosity low.
-assists in reducing premature
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solidification.
iv) Long mould cooling times
-ensures moulding dimensions are 
correct.
-avoids voids.
Tne introduction of fibres to the thermoplastic also
creates additional abrasion problems in the preplasticising 
barrel. As a result, increasing wear and corrosion problems 
occur in high volume production. Tne extent of fibre
attrition can also be affected by differences in the
interfacial bond between the fibres and matrix. Surface 
treatments are not only applied to fibres in order to protect 
to them during handling, but also to promote the interfacial 
bond. Richard and Simms (Jjp observed that coupling agents 
used on glass fibres do influence the ultimate properties of 
the material and associated with this is the fibre breakage 
and dispersion, which were shown to vary with different 
surface treatments. McNally et al (JjO carried out a study 
of a range of thermoplastics, including nylon 6.6, in which 
an analytical technique was used in order to differentiate 
between reinforcement from long fibres, and fibres which have 
good interfacial bonding. This allows breakage effects to be 
distinguished from fibre wetting effects. It is proposed 
that the optimum compounding procedure can be ascertained.
Injection moulded sections often contain structural 
peculiarities, which arise as a result of the complex flow 
path and the solidification processes. Kantz etal (15) 
observed differences in the crystallite morphology; a 
skin-core structure is obtained in unreinforced polymer
Page 9
injection mouldings. They found a correlation between the 
thickness of the surface layer and the mechanical properties 
of the test-bar mouldings. Schmidt (J_6) presents results on 
mould fillings, which provide further information concerning 
the skin-core formation. A colour tracer technique was used 
to identify skin-core dimensions, and showed that the 
structure is actually a direct consequence of the unsteady 
flow conditions within a mould cavity. More precisely, the 
splitting melt front which arises as the melt enters the 
mould through a constricted gate, diverges and decellerates, 
inducing these effects. Tne surface layer was noted as being 
highly oriented and is non-spnerulitic for crystalline 
polymers (J_5). More recently, work using colour tracer 
techniques has been carried out by Darlington, Scott and 
Smith (J7). It was realised that this technique was not only 
applicable to the identification of skin/core structures, and 
the direction of flow, but also had the potential of 
indicating the fibre alignments.
In the moulding process the fibres become oriented 
according to the flow geometry and the nature of the matrix 
material. As a result, layer structures are commonly 
observed through thickness sections of mouldings (18,19,12). 
The matrix molecular orientation will then be superimposed 
upon these effects. In addition to mould design, the extent 
of this layering can also be influenced by processing 
parameters. Bright etal (_21) moulded SFRTPs into a two 
cavity mould and showed that fast injection speed, slow
constant speed injection and stepping the injection stroke
gave rise to differences in fibre orientation. Slow
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injection produce a core region (which was transverse to that ; 
observed at fast injection speeds) in which the fibres were
aligned in the direction of flow and was thicker than for
fast injection strokes. These mouldings also contained a
distinct fibre free region surrounding the core which was
absent in faster injected snots. The skin region is
consequently thicker than in the fast injected mouldings.
In a later study, however, Bright and Darlington 20) used 
a more complex mould to confirm that mould geometry plays a 
greater role in the fibre orientation distribution (FOD) than 
do processing variables. These observations were made
in GFRPP, and it is emphasised that real components contain 
inevitable flow peculiarities which are not observed in 
simple moulds, and that often the flow singularities give 
rise to weaknesses in application. One example of this is 
the presence of 'weld' or 'knit'-lines, where one advancing 
melt flow meets another - either through multiple gating or 
by the recombination of a separated melt flow. There is no 
mechanism by which fibres can straddle the two solidifying 
melt fronts and consequently, a plane of weakness is moulded 
into the structure.
It is clear from the reports cf fibre structures obtained 
in simple mould geometries that FOD prediction is an 
extremely complicated problem. The ' design of moulded 
components is based largely on an empirical approach. 
However, if an undesirable 'core-region' fibre orientation 
persists, a satisfactory solution might be found by selecting 
moulding conditions for which the 'skin-region' (which will 
differ from the core) is enhanced. In more complex mould 
geometries, attention must be paid to ensure that meeting
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melt fronts form 'weld-lines' in a redundant position, where 
they do not render an article defective. The FOD is to some 
extent predictable by considering the parts of the mould as 
interconnected simple moulds where the type of flow is 
similar.
Two additional problems observed in moulded components are 
warpage and shrinkage. Shrinkage is common in unreinforced 
mouldings, but may be partially overcome by retaining a 
residual pressure during cooling, depending on the 
compressibility of the liquid polymer.
Unfortunately, in SFRTPs this is not always possible 
because the fibres increase the heat conductivity of the melt 
and give rise to faster freezing. Cloud and Wolverton (22) 
studied shrinkage and warpage in glass fibre and glass bead 
reinforced thermoplastic matrices. Shrinkage was observed to 
decrease as the filler loading increased, whilst warpage - on 
the other hand - increased, although additional factors such 
as those listed below should also be taken into account : i)
The matrix cystallinity, ii) the mould geometry, iii) the 
mould temperature during processing, and iv) the mould 
closing time.
Wetnerhold, Dick-and Pipes (18) have looked more closely 
at the FOD, and found assymetries in the skin thicknesses. 
It was proposed that this may be due to temperature 
differences in opposite walls - a cooler wall giving rise to 
a thicker skin layer on one side of the moulding. Tnis 
geometric assymetry results in warpage, and is particularly 
pronounced in thicker cross-sections. These observations, 
however, contradict conclusions reached by Mascia and Speck
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(23). They observe warpage becoming more pronounced as mould 
temperature increases, and actually suggest the elimination 
of a warp by encouraging a differential mould wall 
temperature. Tne warp itself, they attribute to differing 
molecular orientation and degree of crystallinity in each 
moulding surface. It is thought that there is a close 
relationship between fibre and molecular orientation, and 
that annealing treatments moderate the warping by relaxing 
molecular orientations and promoting crystallisation.
Another considerable problem which may arise when 
injection moulding SFRTPs, is that of potential void 
formation. Mascia and Speck (23) and Darlington and Smith
(24) have observed this phenomenon, which is present in 
SFRTPs as a result of the mouldings' inability to 'sink' ( as 
would an unfilled moulding) due to the presence of the very 
stiff surface layers. Voiding is undesirable because it 
weakens mouldings and is usually visible in finished 
components moulded in translucent matrix materials such as 
polypropylene or nylons. This defect can be overcome by 
raising the mould wall temperature and prolonging the 
injection stroke.
Reinforced nylon 6.6 has a melt viscosity which is highly 
pseudoplastic, the filled nylon is more viscous than the 
unfilled at low shear rates but the viscosity of both 
decrease at higher rates and the difference decreases so that 
there is little difference between the filled and the 
unfilled grades under high rate moulding conditions. Tne 
excellent mould filling capability of reinforced nylons makes 
them desirable materials, and good quality mouldings are used
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widely (11).
\
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2^. 1.5 Microstructure !
Nylon is a semi-crystalline polymer, and can therefore have 
molecular orientations induced into both the amorphous and 
crystalline regions by processing operations. Tne resultant 
microstructures also depend upon the extent to which aligned 
molecules are frozen in position. Tne crystals nucleate and 
grow as the temperature drops in the mould. Thus the direction 
of heat extraction is likely to influence the crystal 
morphology. Tne molecular weight of the nylon will determine 
the final extent of crystallinity, and the presence of unmelted 
crystallites or impurities acting as nucleation sites, will 
alter the crystal size. Tne mould wall itself can provide 
additional nucleation sites for crystal growth.
Because of the poor thermal conductivity of polymers, the 
heat extraction conditions will vary considerably through the 
moulding section. Schmidt (_16) has observed skin-core 
structures, discussed previously, in which the skin has an 
extremely pronounced molecular orientation.
In the process of melting during processing, there will also 
be a polymer degradation effect occuring above the melting 
temperature, due to oxidation in the atmosphere. Tnis is likely 
to affect morphological changes. Tne degree of crytallinity 
will be affected as the molecules become shortened and 
structurally different.
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2.1.5.1 Fibre reinforced nylon 6.6
Introducing fibres into the nylon further affects tne 
matrix microstructure. Reinforced thermoplastics require 
both higher processing temperatures, which consequently leads 
to increased degradation due to oxidation - and higher 
pressures, thereby altering the extent of molecular 
alignment. Tne fibres are also responsible for increasing 
melt viscosity and altering rneological behaviour.
Fibre reinforced nylons are highly pseudoplastic, and the 
melt viscosity is highly shear rate dependent (25). The fibres 
themselves are generally better thermal conductors than their 
thermoplastic matrices; as a result this can give rise to 
different crystallite nucleation and growth behaviour. In 
some cases, fibres can even provide sites for crystal 
nucleation. Bless etal (B) have prepared composites using an 
alternative in-situ polymerisation method, in which nylon 6.6 
was polymerised in the presence of carbon fibres. An 
epitaxial crystal growth of nylon on the fibre surfaces was 
reported. This effect, sometimes • referred to as 
transcrystallinity, has been investigated by Burton and 
Folkes in more detail ( 26 ) .  Using a hot-stage microscope, 
they studied the solidification behaviour of a range of fibre 
reinforced nylon 6.6 compounds. Transcrystallinity was 
induced in fibre composites for which there was an epitaxial 
relationship between the fibre surfaces and the nylon 
crystallites. Although carbon and Kevlar composites 
contained transcrystallinity, the phenomenon was not evident 
in the glass fibre composites. This was found to be the case
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even when nucleating agents were applied to the fibres.
One of the major differences between hot stage conditions 
and actual injection moulding, however, is the presence of 
massive flow during the moulding process. This may affect 
the amount of transcrystallinity in two ways : firstly, by
affecting nucleation at the fibre surface; and secondly, by 
influencing nucleation in the matrix. Maxwell etal (11) 
showed that flow actually increases the rate of nucleation in 
a polymer, and this would impede transcrystalline growth 
because of the competing spnerulite growth in the matrix.
Mascia and Speck (23) measured the degree of crystallinity 
in nylon 6.6 mouldings and found that the introduction of 
glass fibres gave mouldings in which the nylon matrix has 
exactly the same degree of crystallinity as that observed for 
unreinforced nylons. This was found to be constant at a 
value of 34% throughout the moulding.
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2.1.5.2 The effect of rubber toughening
The incentive to rubber toughen nylon 6.6 lies in the 
marked improvement in the impact toughness properties 
observed at room temperature.
The rubber is dispersed in the matrix using existing 
fabrication routes: either by dry-blending the rubber
precursor with nylon granules, a step requiring an extra 
extrusion pass, or more likely by dry-blending with nylon and 
fibres and compounding in a single stage in order to minimise 
matrix degradation. Hobbs, Bopp and Watkins (27) have 
developed criteria for impact modifying nylon 6.6. They 
observed that the low modulus phase may be incorporated by 
grafting, copolymerising or mechanical blending, and that its 
effectiveness was governed by a number of factors. These 
include :
a) the concentration
b) the size and dispersion of the particles
c) the level of interfacial adhesion
d) the inherent matrix ductility
e) the shear modulus (G) and glass transition 
temperature (Tg) of the rubber
f) the craze initiation stress and shear yield 
stress of the matrix.
By chemically treating the rubber they obtained a 
dispersion using polethylene-g-maleic anhydride. Hobbs etal 
conclude that shear flow is the primary deformation mechanism 
in the toughened blends, although there are other additional 
energy dissipating mechanisms which operate, such as
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subsurface deformation and debonding. The breakdown due to 
craze formation leads to poor energy absorption and must be 
prevented by good interfacial adhesion and the development of 
shear bands. It is reported that the particle size obtained 
in nylon is not ideal for craze termination. However, 
extensive shear banding is observed to play a critical role 
in craze blunting.
C'nompff, Plummer and Mencik (28), who have investigated a 
rubber toughened nylon 6, report that the rubber dispersion 
contained a wide size distribution. Furthermore, it was 
suggested that the relative position of a rubber particle in 
the moulding dictates the particles’ shape. Clearly the flow 
of the melt into the mould and the solidification mechanisms 
taking place will determine the ultimate particle geometry. 
C'nompff etal found that the proximity of the mould walls was 
instrumental in changing the rubber particle morphology 
through the moulding thickness. It is assumed that this 
effect is related to the local cooling rate in the melt. 
X-ray diffraction was also used in this study to show that 
the molecular alignment induced by the flow produced a 
texture of a monoclinic elliptical form in the core region. 
The skin regions exhibited little preferred orientation; 
this observation contradicts the work by Schmidt (J_6) who 
describes the skin region as being most oriented, although 
his results refer to another polymer system, which was not 
rubber toughened.
Hahn etal (29) have likewise characterised a commercially 
available et’nylene-propylene rubber toughened nylon 6.6, 
using various microscopy techniques. The nylon 6.6
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crystallites may be resolved using transmitted polarised 
light microscopy. By this method it was revealed that in 
neat nylon 6.6, the crystallite diameter is 10-20yum, whereas 
in the rubber modified nylon 6.6 the sp'nerulites are only 1-2 
yUm. Parallel experiments using DSC showed that the average
crystallinity in the nylon 6.6 was unaffected by rubber
addition, remaining at 31 % in both cases. It is proposed
that the rubber particles which are chemically treated to 
enhance their affinity to the nylon, act as nucleation sites 
for the spherulite growth. Also by using TEM techniques
developed by Kato (_30), in which osmium tetroxide staining is 
employed to enhance contrast between nylon and the rubber 
particles, they showed that the rubber particles were hollow. 
The etnylene-propylene rubber dispersion giving rise to this 
peculiarity in nylon 6.6 has, however, not been observed by 
other workers who have used TEM. Cnompff etal used osmium 
tetroxide staining but observed non-sp’nerical solid particles 
in an in-situ crosslinked rubber modified nylon 6. Hobbs 
etal (27) _ examined specimen replicas of their 
polyetnylene-g-maleic anhydride rubber toughened nylon 6.6, 
but this technique of course only provides surface details. 
It is clear that dispersions of rubber in a semi-crystalline 
thermoplastic are gaining in commercial interest. Different 
formulations are in development, and the reasons for this are 
founded on the marked impact superiority over polymers which 
are not rubber toughened.
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2.1.5.3 Fibre dispersion
Having briefly discussed the effects of the fabrication 
routes for fibre reinforced thermoplastics upon the 
dispersion of fibres, we may now turn to fibre dispersion in 
greater detail. Fibre length and orientation distributions 
have been the subject of a great number of studies concerned 
with controlling, measuring and explaining their mechanisms 
of formation. The fibres themselves are produced 
commercially as continuous strands which are chopped into 
required lengths. The strands, which are produced by 
collectively drawing a number of fibres through platinum 
bushings, are coated in a ’size’ or ’finish’ as a matter of 
course. One of the roles of the size is to protect the fibre 
lengths during handling.
Fibre length distibution
In their papers, Lunt and Shortall (2,4) described now 
the fibre bundle integrity was retained in the extruder 
barrel until the melting zone was reached. The matrix was 
subject to high shear in the short compression which is 
customary for sharp melting point polymers such as nylon. 
It is in this stage of flow, that the majority of fibre 
attrition is effected. This observation is in agreement 
with Schweitzer (3_0 who points out that additional fibre 
length degradation is incurred during the injection stroke 
of a moulding cycle; secondary melting of the
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precompounded material will almost certainly contribute to 
the fibre attrition. The extent of fibre breakage during 
flow through constricted gates and runners will depend 
upon the forces associated with the injection stroke and 
the matrix material rheology and the filler loading. In 
his study, Schweitzer used the matrices, polypropylene and 
thermoplastic polyester, and varied the length of the 
chopped glass strand bundles. The former variable was 
found to be the most significant in controlling final 
fibre length distributions (FLDs). The matrices gave rise 
to significant differences in FLD despite having been 
processed using identical machine settings. Schweitzer 
attributed this to the differences in the shear strengths 
of the polymers. The FLD was also shown to be independent 
of the starting bundle lengths used. Richard and Simms 
(13) report that longer fibre lengths can be retained in a 
nylon 6 matrix than in polystyrene materials. They 
suggest that this may be due to the low melt viscosity of 
the nylon, for which the shear stresses acting on the 
glass strand are lower than for the polystyrene. 
Schweitzer claims that the Kelly-Tyson predictions (32) 
support his argument.
It should be noted, however, that the measurement of a 
FLD in a compounded material is an extremely difficult 
task. Tne starting fibre length (typically 2-10 mm) is 
broken down, resulting in final lengths ranging from 
between these starting lengths to a few fibre diameters 
(ie. 30 jj.ro or less). The extent of length distribution 
is immediately too wide for conventional sizing
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techniques. Lunt and Shortall (2) approach this problem 
using an image analysis technique. Fibres may be
separated from the nylon matrix by burning off the matrix
at 600°C. They found that it was necessary to measure 
2000 fibres in order to accurately characterise the 
distribution. However, this technique is limited for two 
reasons : i) The manual measurement of 2000 fibres is
extremely labour intensive for a range of materials ii) 
The FLD range makes photographing a sample difficult - it 
is a requirement that the magnification is large enough to 
resolve the ’fines1, but small enough to be able to group 
the entire length of larger fibres.
It is also generally agreed that an important
consideration is the measurement from a ’representative’ 
section of the sample. For these reasons, Lunt and 
Shortall refined their sampling technique. They
introduced a net sieving method in which they passed a 
slurry of fibres in water through a sieve stack with a 
constant head of water above it. Tne ’fines’ were 
collected at the bottom, and the stack was disassembled 
and dried. Tne sieve fractions were weighed and smaller 
numbers (200) were counted. Tne smaller length range 
allows the photographing at an appropriate magnification 
for each fraction, giving narrower FLDs per inspection 
which could then be summed together.
Sawyer (33)» oft the other hand, has considered the 
problems that have been associated with automatic image 
analysis. She notes that the dispersion of a sample of 
ashed fibres on a microscope slide invariably results in
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touching or crossed fibres. Since the computerised 
analysis could not "differentiate between these details, 
the technique becomes invalid. Consequently, a further 
investigation into the flocculation of fibres was 
undertaken. The glass surface coatings of the fibres were 
considered, and a dispersion solution incorporating a 
silane was shown to overcome the attractive forces between 
fibres. A count rate of 2000 fibres per hour is reported 
using this method (33). This technique w'as also used 
successfully by Schweitzer (3M) in addition to a technique 
which is suggested as being capable of liberating fibres 
from the matrix without causing further fibre breakage 
normally associated with conventional burn-off methods. 
Tnis oxygen plasma technique is a low temperature 
operation and does not embrittle or devitrify the fibres.
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Fibre orientation distribution
Fibre orientation distributions (FOD), and their 
dependence upon the manner of flow, the polymer rheology 
and mould design are discussed in Section 2.1.
One of the earliest and the most simple techniques 
which reveals FOD is reflection microscopy of a polished 
section. Using traditional surface polishing technology 
and an optical microscope, the fibres can be discerned as 
ellipses where they intersect the surface. The ratio of
the length of the major axis to minor axis will determine
the orientation of any fibre, with respect to the surface
and the orientation of the major axis to a reference
direction:
„,.gle with respect to su r face
This work area has been studied by Tnomas and Meyer 
(34) who investigated a glass reinforced PTMT material. 
Darlington etal (35) have used transmission optical 
microscopy to observe FOD textures - a technique possible 
for both transparent or translucent matrix composites. 
They stress the ne-ed for caution when interpreting results 
of this type, since the observable texture is confined to 
a central zone of the moulding and may therefore represent 
only a very small and unrepresentative portion of the 
sample. The transmission technique is more successful
0 - COS ^\ tr , inor axisty([ major axis )
2,1
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when there is a greater contrast between fibres and matrix 
such as is shown by carbon fibres. X-ray radiography is 
another alternative which is likely to improve the 
resolution of the glass fibres from their matrix. Tne
technique also has the advantage of being a
non-destructive test and has been widely used by various 
workers (34,36). However, the X-ray absorption is similar
between carbon fibres and polymer matrices and
consequently this technique is not sucessful in these
materials. Folkes (_1_2), on the other hand, used both 
transmitted light and X-ray radiography to characterise 
FODs for a hybrid carbon/glass reinforced nylon 6.6 
composite. Tne transmitted light technique showed the 
carbon fibre FOD, whilst the X-ray radiographs provided 
good data for the glass fibre FOD.
McGee and McCullough (37) measured the FOD in sheet 
moulding compounds with a laser diffraction technique.
Tney demonstrate the usefulness of their technique with 
computer simulated FODs and ’known’ FODs, showing its 
accuracy and direct measurement. Their technique enables 
| opaque materials to be studied by allowing a laser to be
diffracted through a photographic negative film. This negative film 
was prepared from a reflected light micrograph of the polished through 
I section of the specimen.
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2.1.5.4 interfacial effects
Glass fibres to be used for fibre reinforcement are always 
coated with a ’size’ or ’finish’ immediately after their 
production. This fulfils a number of important functions:-
i) A lubricant - glass fibres are extremely abrasive, and 
the coating can prolong the life of working parts in the 
fibre production train.
ii) A binder - The handling of fibres, either continuous 
or chopped, is improved by the binding agents in the size.
iii) Electrostatic correction.
iv) To enhance the interfacial bond, by including 
chemicals in the size which form chemical bonds with the 
matrix polymer of the composite.
Tne chemical formulations are well developed for most 
reinforcing systems, and many authors have carried out 
studies showing the improved mechanical properties obtained
using a particular system in a certain composite (38,39?40).
Bader and Collins (38) demonstrate the advantages of silane 
coupling agents in glass/nylon.6 composites and describe
benefits in tensile and impact strengths under wet and dry
conditions. In 1981, Johnson and Lunt (5) announced a new 
coupling agent for glass reinforced nylon resin composites 
which gave improved properties.
Tne size applied to glass fibres is often a thermoplastic 
itself and may become blended with the matrix in the molten 
state. It is unlikely that the size coating remains as a 
definite layer enclosing the fibres. Broutman and Agarwal 
(M1) have discussed the advantage of retaining an
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’interlayer’ between the fibres and the matrix. Tne modulus 
of this interlayer effects the stress transfer, and an 
improved fracture toughness may be found for a composite. 
Peiffer (42) confirmed this effect using latex coated 
fibres in epoxy/fiberglass composites. Tne effect of a 0.2yu 
rubbery interlayer upon the impact properties proved most 
advantageous.
Transcrystallinity is an interfacial effect which has 
already been considered (26) in matrix microstructure 
(section 1.4). Kardos (£3) has observed dramatic 
strengthening in polycarbonate-carbon fibre composites which 
is due to transcrystallinity developed upon annealing 
specimens.
Interfacial morphology is undoubtedly the crucial factor 
dictating composite properties. It affects the degree of 
fibre attrition (4_) during processing; and is responsible 
for major strengthening (3.8) and toughening (38,44,45). Tne 
optimisation of the properties of short fibre reinforced 
composites is somewhat confused. Traditionally it was 
believed that for long fibre composites toughness would be 
enhanced by a weak interfacial bond (46). It was thought 
that by this means debonding and fibre pull-out toughening 
contributions should be maximised. However, more recent 
works (47,48) have shown that a good interfacial bond 
actually gives rise to superior properties. More specialised 
tailoring of mechanical properties may be carried out by 
promoting transcrystallinity - either by annealing or careful 
fibre/matrix selections, or by the use of rubber coated 
fibres to exploit interlayer composites. These methods may
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be used singly or in combination, in the form of hybrid 
composites.
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2.2 MECHANICAL PROPERTIES
Theories of reinforcement using short fibres
Predicting the mechanical properties of composites containing 
unidirectional continuous fibres is a difficult task. Short 
fibre reinforced thermoplastics are extremely complex materials, 
and hence the prediction of their properties from the 
fundamental properties of their individual components is even 
more complicated.
A unidirectional continuous fibre composite is by definition 
anisotropic, with a plane of isotropy perpendicular 
to the fibre axis. Tne stiffness of such a material has been 
given by the upper bound or Voigt rule of mixtures (J49) for any 
composite containing a certain volume fraction of fibres (Vf) :
w h e r e
^ c.f.m
stress in the (composite 
} f ibre  
^tram .. .. (matr ix
23
+ 2:4
The upper bound is given when the strain is uniform :
e ef £ 2.5c m
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The lower bound or Reuss is set for the conditions of uniform 
stress :
• F  =  ' E m  2.6
c E m.Vf>Efa - V f)
The upper bound approximates to the modulus measured along the 
fibre axis, the lower bound gives a rough estimate of the 
transverse modulus.
| In short fibre reinforced composites two further complications
| arise; firstly, the fibres do not run continuously in a composite 
| component between loading points; secondly, the fibre orientations are 
| not clearly defined.
Stress transfer across the fibre/matrix interface is 
necessary to load the fibres, and shear stresses build up at 
this interface because of the differing elastic moduli of the 
two components. Cox (j>0) proposed that there was a variation in 
shear stress along the fibre, as indicated in Fig.2.2. Dow (51) 
and Rosen (52) modified Cox’s expression to the following form :
O ,  .  1 - cosh«S—X).K. K  2.7 
cosh K^ .1/2
where K^Kg are constants  
x = distance along f i b re  
I = f i b r e  leng th  
Of= the s t ress  in the f i b re  a t  
poin t  x.
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From Cox’s work, a corrective term for the fibre 
discontinuity may be introduced to the Voigt modulus prediction;
Ec = \. E f .V, * E m . V m 2.8
where :
where:
tan ( 3.1/2) 29
(3.1/2
-  matr ix  shear modulus 
A f  = f i b r e  cross sect ion
P  = LE^A^UR/rJJ& 2.10
IR = mean se pa ra t io n  ; r0= f i b r e  rad ius)
This equation applies to unidirectional short fibre 
composites. However, an additional term for the reduction in 
reinforcement efficiency due to misaligned fibres is required to 
approximate conditions existing in a real composite. Tne 
initial modulus may be accurately predicted by this type of 
relationship. However, this expression overlooks fibre-fibre 
interactions and stress concentrations, which induce interfacial 
debonding, and thus is clearly unsatisfactory for higher strains 
and for composites containing higher fibre contents. 
Furthermore, in SFRTPs a unique fibre length is not observed - 
an assumption which gives rise to gross inaccuracies. 
Consequently a summation of the fibre contributions over the 
whole fibre length distribution may be performed.
Outwater (53) presented a theory for reinforced plastics in
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which the stress in the fibre was dependent upon the coefficient 
of friction between the fibre and matrix. The stress builds up 
directly proportional along the length from the fibre ends over a 
characteristic transfer length, as is described by the equation:-
x O f , ry  2.11
/2 "  2 . P. |jl
P= ra d ia l  resin pressure  ac t ing on the f i b re  
\1 = c o e f f i c i e n t  o f  f r i c t i on  
r f =  f i b r e  rad ius
tu. r 2f . £  . E f =  2 k .  ry.i.x 2.12
where ®uf /£  2.13
Another approach was by Kelly and Tyson (_32) who, working with 
tungsten wires in a copper matrix, present a theory for elastic 
fibres in a plastic matrix. Tnis ’shear-lag* analysis, relies 
upon a constant interfacial shear stress, where the fibre stress 
builds up linearly from the fibre end to a maximum value. The 
strain in the fibre and matrix are equal, with the exclusion of 
a characteristic length known as the semi-critical transfer 
length lc/2. Tnis term may be described by an expression which 
includes the interfacial bond (X) and the fibre strength. Since 
the stress is transferred from a plastically deforming matrix to 
the constraining elastic fibres, it is assumed that for a fibre
to break, the stress transferred across the interface must have 
exceeded the fibre tensile strength:-
i f X = l c , then  l c  =  ° u f  . r f  2 . U  
2 i
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A diagrammatical representation is shown in Fig.2.3. Clearly
length as the minimum length of fibre required to attain the 
ultimate fibre strain.
Tne 'rule of mixturest expression (equation 2.8) can also be 
altered to include the critical length term;
Tnis relationship still lacks validity for any composites 
other than those containing aligned fibres, and then only when 
tested in the direction in which the fibres are oriented.
Tne properties of an aligned fibre composite depend to a 
large extent upon the orientation of the fibres relative to the 
applied stress. As the angle of loading is shifted away from 
the fibre orientation, the interfacial and matrix shear stresses 
become more important because they are required to transfer 
higher stresses between the fibres.
A number of theories have been derived to predict the 
variation in composite strength with fibre angle. Tsai (54) 
used elasticity theory to solve equations for changes in modulus 
with fibre angle. Good experimental agreement was found by 
Dimmock and Abrahams (55), who compared measured moduli with the 
Tsai predictions using continuous carbon and glass fibre 
epoxies.
Fibre orientations in short fibre reinforced composites are 
extremely complicated. Tne fabrication route gives rise to 
fibre dispersions which, themselves, are difficult to measure or
the Outwater and Kelly theories are the same if the terms P and 
|Jlare substituted for 1. Kelly has described the critical
Ec = E f Vf  1- *an( B.t/2) 2,15
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predict. For this reason, predictive mechanical property 
relationships are generally inadequate because the assumptions 
upon which they are based are oversimplified.
Orientation correction terms have been applied to the rule of 
mixtures by Krencnel (J^ ). Tne term C]f| ) is calculated from a 
summation of fibres oriented in angular increments :
V"1 m L
T\o= l->k=1 a k c o s  2.16
where 8^=angle w.r.f reference axis 
ak~Vf at  dfc 
m -  angular increment.
Tnis concept d^bribes factors of 1/3 for 2-P random 
distributions and 1/6 for 3-D random distibutions; 2D is the most 
common orientation in short fibre reinforced thermoplastics.
Strength properties are more difficult to model because 
failure modes are important, although many authors have used a 
simple rule of mixtures to predict composite strengths 
(56,49,57). Tne failure strain of the fibres is less than for 
the matrix for the materials- of interest. In continuous 
reinforced composites this situation leads to a unique failure 
stress of the composite :
^uc  “  ®uf  • ^  f  + 2-17
where 0 ^  is the stress in the matrix at composite failure.
At low fibre fractions, the matrix material is weakened by 
the presence of fibres. In this instance, the matrix may be 
strained sufficiently to cause fibre breakage, although the 
matrix is strong enough to support the additional load.
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The two regimes (equations 2.17 and 18 ) give rise to minimum
composite strength when these expressions equate (see Fig.2.4).
There is good experimental evidence for the justification of 
these concepts.(49)
The variations of composite strength with fibre angle have 
been studied by a number of workers (49,54,55). Fig.2.5 shows 
that three failure modes are proposed from maximum stress 
theory. Fibre failure occurs at small angles (loading axis to 
fibre direction) in tension (0<$<5), interfacial or shear 
failure occurs in the range (5<0<6O). Transverse failure in the 
matrix, fibre or at the interface is observed at large angles
(60< 9 <90).
Tne stress to initiate composite fracture in each of these 
modes is-given by equations (58).
2.19
°e  = °u cs e c (O°<0<5°) 2.20
oe = i y2cosec 20 (5°<0<6O°) 2.21
Oa = of cosec © (6O<;0< 9d) 222
U T
w h e r e = composite shear strength.
Q f = transverse strength.
Whichever of these failure mode relationships is the lowest 
is likely to dominate the composite fracture behaviour. Once 
again, experimental work correlates well with these predictions 
(54) Fig.2.6. Short fibre composite strengths may be calculated 
using the rule of mixtures, although the assumption that uniform 
stress is carried along the fibre length must first be corrected 
(equations 2.14- and *5 ). Because the stress transferred from 
the matrix to the fibre builds up from the fibre end to a 
distance lc/2 along the fibre length, the stress carried by the 
fibres must be averaged to take into account this ’ineffective 
length’. If a fibre breaks, the average stress carried by the 
fibre will be less than the fibre ultimate strength (Q
V 2 1 ' ’ Jtjf
Oc = .0Uf Vf (I -  lc/2 Kto (1 -  Vf) 2.24r
A real SFRTP composite will also contain very snort fibres in 
its length distribution. If these fibres are less than lc (the 
critical length) , they are unable to be stressed by the matrix 
to the failure stress (Q^). Tnis effect is shown in Fig.2.7. 
So for l<lc, the strength reinforcement is reduced as described 
below :
°c - l i  • Vf + °m (1-Vf) 2.25
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This expression is applicable to aligned short fibre composites;
the reinforcement efficiency is clearly dependent upon the fibre 
length distribution. A measure of this effectiveness of 
strengthening has been described by Bader (_3), who expressed the 
reinforcement efficiency as a fraction of the strength of an
fraction. Fig.2.1 illustrates this parameter as a function of 
fibre length. For 1/lc ratios of greater than six, the strength 
of a composite exceeds 90% of its unidirectional counterpart.
In a real SFRTP not all the fibres are of the same length, 
but are distributed over a fairly wide range. Tnis implies that 
a proportion of the shorter fibres will be subcritical at high 
strains ie. fibres will be less than lc, the critical length or 
more precisely the critical aspect ratio which is corrected from 
equation 2.14-
For each level of strain there is a different critical aspect 
ratio. The stiffness is reduced as the strain increases, and so 
gives rise to the characteristic non-linear stress-strain curve.
Work by Bader and Bowyer (59) has considered the orientation 
effects. They took an average orientation factor and summed the 
strengthening contribution of each fibre over the entire FLD. 
From the equations 2.15 and26, summating and including a 
FOD parameter (Q,)» we obtain :
aligned continuous fibre composite ( ) of equivalent fibre
R cr i t - 2.26
2 t
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where Ry > R/ •
This equation, although requiring lengthy calculations, has been 
used to accurately model stress-strain responses in SFRTPs (60). 
However, there are three empirical measurements to be made 
before the analysis can be performed : FLD, FOD, and X. Each
of these should be measured independently, but can be generally 
obtained from curve-fitting.
Mittal and Gupta (_60) refined equation 2.21 to fit more 
closely to experimental observation by considering the 
interfacial bond and orientation more rigorously.
An alternative approach by Halpin and coworkers (61,62) is 
based on modelling the real material as an ’equivalent 
laminate’, consisting of a balanced symmetric array of 
continuous fibre laminae of 0°, 90°, and +45° orientation with 
respect to the applied loading axis. Tne surrogate laminate is 
arranged so that it exhibits the properties matching the real 
material. Jerina etal (63) have proposed that SFRTPs - having 
an essentially planar (2D) FOD - may be modelled mathematically 
as laminates.
Halpin and Kardos have extended this technique, which works 
well for stiffness prediction, to failure stress calculations 
using the Halpin- Tsai equations (6jO. Tne semi-empirical 
analysis is, however, only adequate for stiffness. An advantage 
of this approach is the ability to draw upon the well-developed 
laminate computations which may be used to predict 'stiffness in 
any orientation in the ’laminate’.
Tne mathematical models, based on either the rule of mixtures 
or the ’pseudo-laminates’ approaches, are satisfactory for low 
strain behaviour. But they do not account for the observed
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reduction in failure strain by incorporating fracture modes in 
their derivations. Consequently, application to strength or 
toughness prediction is considered unsatisfactory. More 
accurate predictive models have been obtained considering the 
complexity of these materials, and consequently they are more 
rigorous in their calculations. Finite element analysis has 
been applied to strength determination by Chen (^5), who 
considered the fibre-fibre interactions. Chou and coworkers 
(66,67) carried out a theoretical study, in which fibre-end 
cracks were considered. Tne damage accumulation on from these 
flaws has been applied to unidirectional short fibre composites. 
Such complex analyses provide better agreement with 
experiment, but the improvement in the predictive ability must 
be offset by the time and effort involved.
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2.3 TOUGHNESS
2.3.1 The definition of toughness
’Toughness’ is often the deciding factor in materials 
selection, furthermore the continuing growth in the use of 
plastics for engineering and other applications is related to 
the development of newer, tougher plastics. Tnis has been the 
decisive factor in overcoming the reputation for brittleness 
which has been previously associated with plastics. Ideally, 
improvements in fracture resistance should be accomplished 
without undermining other properties, but this condition is 
rarely achieved, and some compromise is necessary. Epstein 
(68), who worked with fibre-reinforced, rubber-toughened nylon, 
discusses the definitions of toughness, and how they pertain to 
these materials. It is interesting to take note of the
ambiguities which may be associated with ’toughness’. ' Tne
common definition of toughness is:- not easily broken. Used 
with the prefix:- fracture- , it assumes a more scientific
meaning, usually refering to the energy per unit area necessary 
to create a new crack surface.
The occurrence of low stress fracture in high strength
materials has brought about the move towards accurate fracture 
toughness measurements through the science of fracture 
mechanics.
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2.3.2 The Griffith criterion and fracture toughness
Although fracture mechanics have been developed mainly in the 
last two decades, one of the basic concepts was established in
1921 by Griffith (69). He envisaged the existence of inherent
flaws or cracks in glass which, would produce stress 
concentrations of sufficient magnitude that the theoretical 
cohesive strength was reached in localised regions, although the 
average stress across the section was at least an order of 
magnitude lower. A new surface is created when one of the 
micro-cracks extends, resulting in an increase in surface 
energy. Tnis energy is considered to be provided from the 
elastic strain-energy in the material which is released as the 
crack propagates. Griffith derived his criterion for glass, 
which is very brittle, by equating the changes in surface and 
strain energy. It can be used to determine the magnitude of the 
tensile stress (0)» which is just sufficient to cause a crack 
of certain size (c) to propagate as a brittle fracture. He 
stated that a crack will propagate when the decrease in elastic 
strain-energy is at least equal to the energy required to create 
the new crack surface. Tnis energy balance approach of 
Griffiths assumes a crack tip of atomic layer sharpness. When 
the crack length is known, the critical stress required for the 
propagation of a * sharp’ crack can be calculated.
Based upon the stress field calculations derived by Inglis
(70) for an elliptical flaw, Griffith calculated the elastic
strain-energy per unit of plate thickness (U^ -):-
2.28
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where Q s  tensile stress, 
c = length of crack.
E = Young’s modulus.
Tne balancing energy equation, relating to the energy required 
to create a new pair of crack surfaces (U^O is given by:-
j
U5 = M . C . y s 2.29
where a measure of the resistance of the material to
crack propagation and is defined empirically as the minimum 
amount of energy required to create a unit area of fracture 
surface. It follows that the change in potential energy arising 
from the creation of the crack is the sum of these two energy 
statements (eqns 2,28 and 29 ).
AU = Us + U5 2.30
By substituting eqns .2,28 and 29 into this expression:-
dAU =0= d.(4.c.Ys -JtcV) 2.31
dc dc E
=> Uys - 23£2f= 0 232
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Hence:-
0 = f2-E. Ys) 1/Z 233
K K.C J
From this equation (the Griffith criterion) the stress required 
to propagate an included crack of known dimensions can be 
calculated for brittle materials. However, it is well 
established that most materials undergo some plastic deformation 
prior to failure. To account for this, Orowan (7_1) included an 
extra term in the Griffith equation for the plastic work (/p) 
component:-
0 = m
\ TC.C
This plastic energy term is assumed to be many orders of
magnitude greater than the surface creation energy (Yc) which
can thereby be eliminated from the equation:-
= /E.Yp\ 1/20  ti.r  | 235
Irwin (72) proposed that the fracture occurs at a stress 
corresponding to a critical value of G, the strain-energy 
release rate (sometimes termed the crack extension force). He 
introduces this critical term:-
This term G, is the equivalent to*Y in the Griffith equation, 
but is taken as the total energy of crack creation. Since *Y is 
the surface energy and the propagation of a crack gives rise to 
two fracture surfaces, it follows that:-
G c =  2 Y  2.37
The strain-energy release rate (G) may be measured from a 
notched specimen, such as proposed by Berry (73) and Tattersal 
and Tappin (74). The critical value of the strain-energy 
release rate (G^ -) is evaluated from the point of crack 
initiation on the force-displaceraent response.
Three equations, due to Irwin, indicate that the local 
stresses near a crack depend on the product of the nominal 
stress (0) and the square root of the crack length. Tnis 
analysis, which forms the basis of fracture mechanics, can be 
used to describe the state of stress at any position in the 
materials using the polar coordinates (r,0). Tne schematic 
diagram (Fig.2.8) shows the standardised configuration and 
nomenclature:-
ox= o (c/2r ^ f cos 9/2 (1 -  si n0/2 s i n 30/ 2)]2.3S 
Qy- o ( c/2ry ^ cos0 /2 (1 + s i n 0/ 2 s i n 30/2)] 2.39 
xxy=o(c/2r )^ [s in0 /2 cos0/2 cos3©/2] 2Ao
where 0  =  _ E —  and is valid fo r 2A1
w-t c> r> p
where p is the crack tip radius.
Page 46
When @ =  0:-
Ox = Oy - Oicllrfand Xxy=0
From this analysis the stress field can be calculated, which is 
ultimately determined by a ’stress intensity factor’ - a measure 
of all stresses and strains at the crack tip. Crack extension 
will occur when these stresses and strains reach a critical 
value. This means that fracture must be expected to take place 
when K reaches a critical value itself (K^ -). The equation for K 
can be written in the generalised form:-
Tnis approach by Irwin is consistent with the Griffith criterion
stress criteria are satisfied simultaneously. The relationship 
between K and G is influenced by the state of stress. For thin 
plates, the stress will be planar (plane stress), while for 
thicker plates this condition will be altered, and the regime of 
plane strain is entered.
For plane stress:-
243
(Eqn 2.33). Equation 2.4-3 may be rewritten so:-
and hence eqn6.2.33 and 43 are equivalent; the energy and
K? = G 
E___
For plane strain:-
A crack in a solid may extend under three different loading 
modes, as illustrated in Fig.2.9. Normal stresses give rise to 
the ’opening mode' denoted as Mode I. The displacements of the 
crack surfaces are perpendicular to the plane of the crack. 
In-plane shear results in Mode II or ’sliding mode’. The 
’tearing mode’ or Mode III is caused by out-of-plane shear. 
Mode I is technically the most important, and is most commonly 
measured, but to identify the stress intensity factor or elastic 
strain-energy release rate, a subscript is used (e.g. Kj or 
g//c).
The equation 2.4-3, which is an elastic solution, does not
prohibit the stresses at the crack tip from becoming infinite,
which in real materials is not possible. In reality, plastic
deformation taking place at the crack tip keeps the stresses
finite. An impression of the size of the crack tip plastic zone
can be obtained (75,76) by determining at which distance (rp )
from the crack tip the elastic stress (0y) is larger than the
yield stress (Oy^(see Fig.2.10). It follows that the plastic
zone radius (rp ) , can be expressed directly as a function of the
stress intensity factor and the yield stress. The size of the
plastic zone size is actually found to be twice as large as this
£
original estimate (rp , Irwin's plastic zone correction). Brown 
and Srawley (77) on the other hand, proposed the equation:-
rP~ 2ttI'^ Oy}2 2M6
However, for simplicity, the plastic zone has been considered in
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the x-direetion and assumed to be circular in shape.
However, according to Rooke (78), the shape of the plastic zone j
!
is non-circular. He examined the yield condition for differing angles j
j
using the Tresca and the von Mises criterion. Fig. 2.10 shows the j 
plastic zone shapes for plane , strain conditions as shown by Broek ! 
(79).
2.3.3 The applicability of fracture mechanics to composite 
materials.
The use of linear elastic fracture mechanics (LEFM) in 
composite toughness determination is complicated by a number of 
effects:-
i) The heterogeneous and anisotropic nature of composites.
ii) Additional contributions due to the complex fracture 
behaviour.
iii) Viscoelastic effects from polymer matrices.
Composites are by definition heterogeneous materials which
contain uneven stress distributions under load. This results in 
very different crack tip stress fields depending upon the
existence of the phase, fibre or matrix, in which the crack has been 
arrested. Cooper and Kelly (8J_) emphasise this phenomenon in 
brittle fibre reinforced ductile metal matrices. In these 
composites the interfacial bond strength is very high. They 
observed the crack tip plastic zone to alternate between large 
and small dimensions as the crack passes through one phase to 
another (Fig.2.11).
The experimental determination of toughness energies is
dependent upon the type of test configuration and the 
interpretation of results. Phillips and Tetelman (8C)) and 
Beaumont and Phillips (82) investigated the correlation between 
LEFM and work of fracture type tests. In each case it was 
concluded that the discrepancies between the two types of test 
are to be expected. Tnis occurs primarily because the fracture 
mechanics data are calculated from the crack initiation, while 
the work of fracture results include crack propagation 
contributions. Another consideration which will significantly 
effect the LEFM results is that the test geometry may promote 
plane strain or stress. The size of the plastic zone at the 
crack tip is also complicated by the number of damage mechanisms 
other than plastic deformation which operate in composites.
It is often considered that a poor fibre-matrix bond promotes 
good composite toughness (83). In these materials, a number of 
possible energy absorbing processes occur before the final crack 
surface is created, thereby enhancing crack growth resistance.
The fundamental toughness contribution is due to the creation
of a crack through the individual components of the composite
itself. This certainly involves the matrix and possibly the 
fibres depending on their length and the interfacial bond 
strength. A number of other toughening contributions have been 
identified. Outwater and Murphy (53) observed that during the 
fracture of glass-fibre resin composites, the adhesive bond 
between fibres and matrix was destroyed for some distance on
either side of the fracture path. Where this occurs, the stored 
elastic energy in the debonded length of fibre immediately
before its failure cannot be redistributed in the composite when 
the fibre breaks. If the interfacial shear stresses fall to
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zero on debonding, an expression for the fracture energy due to 
this process (for a crack growing normal to the fibres in an 
aligned composite) would be:-
Y, a ,= Vf.o/.Y 2,47debond / - p —
4 t  f
where Y = the debonded length.
Marston, Atkins and Felbeck (84) suggested that in composites 
for which the matrix failure strain is less than that for the 
fibres, the debonding occured at the crack tip. However, if the
b
matrix failure strain exceeds that of the fibre, then debonding
ahead of the crack was brought about by a tensile component
perpendicular to the fibre axis.
Another process, fibre pull-out, also suggests that the
interfacial shear stresses play a role in the fracture 
processes. Cottrell (85) and Kelly (49) proposed that the
energy contribution arises when the fibres are restrained by the 
interfacial shear stresses as they are extracted from the
matrix. The work done in pulling out a single fibre of embedded 
length (1 p) against a constant restraining shear stress CD is:-
Wp(lp) = Tt.r.T.lp2 2.48
The total fracture energy of a fibre composite due to pull-out 
is :-
ypullout "" £-p.Np.W( Ip) 2.4-9
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where Np is the number of fibres of pull-out length Ip, In a
discontinuous fibre composites the fibres can only break if they 
exceed 1^ - in length (see Fig,2.7.). In SFC the pull-out will be 
a dominant toughening mechanism because the crack will intersect 
fibres near their ends and so will induce pull-out since the 
fibres cannot break ( the fibres are less than 1^ -). Cottrell 
described an expression for a discontinuous fibre composite 
where all the fibres are aligned and of critical length.
The role of fibre length on the pull-out contribution has been 
investigated by Cooper (EH). The fracture energy contains a 
component due to debonding and work done by friction in pulling 
the fibres out of the matrix. A maximum work of fracture for 
pull-out arises at the critical fibre length which separates two 
distinct regimes:-
12d
2.51
For subcritical fibres (1 < 1^ -):-
This behaviour is shown in Fig.2.7.
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Of course these energy equations assume that the fibres are 
perfectly aligned, and that if debonding has occurred;, the
■    j
integrity of the interfacial bond is unimpaired (and they were 
perfectly bonded in the unstressed state). Therefore the 
toughening contribution calculated from these equations are 
extremely optimistic for most real SFRCs.
Piggott (87) who studied the effect of fibre aspect ratio on 
the toughness, reminds us that there are numerous contributions 
which can, under some circumstances, be influencial. Table 2.1 
lists these mechanisms. The dependence of fracture energy on 
the fibre aspect ratio is not straight forward. According to 
Piggott, three distinct categories of behaviour were 
recognised:-
i) Ductile fibres; which dissipate a large amount of 
internal energy when they break. Composites containing these 
fibres should be made with very long fibres to maximise fibre 
contributions.
ii) Brittle or moderately ductile fibres having uniform 
strength. Pull-out effects will give maximum toughness; the 
fibre length should not be greater than about ten tiroes the 
critical fibre length. (’Ductile’ fibres in this context means 
those with a high strain-to-failure.)
iii) Brittle fibres which contain flaws; the behaviour is 
more complex and applicable to continuousfibre systems.
Condition ii), which applies to SFRTPs, supports the 
established view of incorporating fibres of length 1^ - for 
optimum toughness due to the pull-out effect. Of course this 
may be undesirable if strength and stiffness are requisites too.
The role of the fibre diameter is less well defined. In some
Page 53
circumstances, it is thought that a large diameter fibre, or the 
inclusion of fibre bundles, increase the work of fracture, 
especially in impact loading. Conversely, equation 2.50 
indicates that as the fibre diameter increases, the pull-out or 
debonding contribution decreases, although the critical length 
is also affected by the diameter. This is clearly an 
inconsistency of the Cottrell/Kelly models, which were based 
purely on the area of interface between the fibres and the 
matrix. It is most probable that the theories oversimplify the 
mechanisms of pull-out particularly in dynamic loading 
conditions. The peculiarities of each fibre/matrix system are 
also significant in predicting toughness; firstly in 
influencing which mechanisms operate, and secondly the extent to 
which they operate. One fact which has emerged from recent work 
is that the toughness concepts developed for continuous fibre 
composites, such as the classic crack blunting mechanism 
proposed by Cook and Gordon (83), are not so applicable to SFCs.
2.3.^ The measurement of toughness in composites using LEFM
Fracture tests for composites have been carried out using a 
number of test configurations. Initially, the fracture 
toughness tests were applied to long or continuous fibre 
composites because of the suitability of these materials to 
structural use. Studies by Beaumont and Phillips (.82) and 
Harris (88) nave revealed fracture mechanisms in continuous 
glass fibre systems. Fracture toughness and work of fracture 
tests have been used by numerous workers in this way (89f 90y 91).
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In unreinforced thermoplastics, fracture mechanics has been 
successfully applied (92,93,9*1,95). Despite the viscoelastic 
behaviour of these materials, linear elastic fracture mechanics 
approximates well to the plane strain conditions.
More recently, fracture toughness tests have been applied to 
unreinforced thermoplastics such as polyethylene (9,2). These 
materials are generally quite ductile and so the plastic zone 
sizes are unacceptably high.
The measurement of plane strain stress intensity factors was 
achieved by reducing the test temperature (95), or by increasing 
the rate of strain in the tests (96,97). Mandell, McGarry and 
Huang (98) measured K values for a range of thermoplastic matrix 
materials reinforced by carbon and glass fibres. They report 
(98,99) that the effects brought about by the fibre dispersion 
were the most significant:-
i) The fibre length distribution influenced K values to a 
greater extent than the actual matrix type.
ii) The fibre orientation distribution gave rise to 
variations in K of a factor of two.
It was observed that the mode of fracture was characteristic 
in all of these materials, in that a ’fibre avoidance’ crack
propagation took place. This implies that the toughness of a
composite may be improved by increasing the fibre length, or at 
least by retaining a proportion of long fibres, because the 
fibre avoidance mode of fracture is less probable. This
observation is extremely important because it contradicts the
Cottrell/ Kelly model, in which fibre of the critical length are 
most desireable for pull-out toughening. If this implication 
can be realised for a large number of SFRTPs, the compromise
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between stiffness/strength and toughness would be very 
satisfactory.
Sato etal (100,101) have conducted microstructural 
investigations into the crack initiation and propagation 
mechanisms of SFRTPs. Sato observed that there were three 
processes involved
i) Initially, cracks form at the fibre ends. (This has also 
been confirmed by Collins (102) - see Fig.2.12.)
ii) These cracks propagate along the fibre-matrix interface.
iii) Finally, cracks leading into the matrix gave rise to the 
composite failure.
These observations were made using a straining stage for 
electron and optical microscopes.
The damage accumulation process described supports the 
proposals by other workers, (101,103). The embrittlement of the 
matrix by the addition of fibres is acknowledged and it is 
thought that the fibres cause internal notching and provide 
inherent crack nucleation sites. This sequence of damage can be 
considered to be taking place at the crack tip as the stress 
concentration raises the local stresses. These mechanisms occur 
together with any matrix ductility in the equivalent of the 
plastic zone region decribed in Fig.2.10. However, because the 
material does not undergo entirely plastic deformation it is 
more appropriate to refer to this damaged region as the ’process 
zone’. Mandell etal (104) have related their crack avoidance 
propagation mode to the process zone radius. They proposed that 
the fibre length distribution may be measured and a certain 
length which describes a proportion of the longer fibres present 
(1* ) calculated. Using the well known equation (Eqn 2.4-6 )
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they substitute the length term:-
\ 2
2.53uis;
Kq =UT.S(2TC.^f 2.54
Lnymn and Schultz (19) studied the effect of crack propagation 
direction with respect to the meLt flow direction in glass fibre 
reinforced poly-etnylene-terephtnalate. Using compact tension 
fracture toughness specimens, they have measured stress 
intensity factors under static and fatigue loading. The 
microscopy of fractured test specimens revealed that fibre 
fracture and microcracks from fibre ends are 'induced by a
’far-field’ effect, and not by an immediate field near the crack 
tip. It is apparent from these studies that there are 
inconsistencies in crack propagation mechanisms. Mandell etal, 
have not observed the far-field effects although this may be due 
to different microstructural examination techniques. There is a 
general consensus of opinion with regard to the crack initiation 
process from fibre ends,* however, the propagation is more 
complex and depends upon the matrix material to a greater
extent. Tne work of Sato etal is consistent with the 
description of the Lnymn and Schultz fracture process.
Leach and Moore (105) used notched tensile specimens to
obtain fracture toughness data for nylon 6.6 composites. The 
trends obtained confirm the embrittlement incurred by adding 
fibres in low fibre fractions. Tne toughness was found to 
increase at higher fibre fractions not withstanding a maximum 
value at 35% by weight. The fracture toughness trends were also 
reflected in parallel impact tests. In this experimental
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programme volume-strain measurements were made; this technique 
is especially useful in resolving the extent of debonding as the 
strain is applied. Interfacial bond strength was responsible 
for large differences in debonding in otherwise identical 
materials.
Moore, Hooley and Whale (106) have used plastic zone radius 
calculations. A ’ductility factor’ is described which is 
proportional to the plastic zone size (Eqn -.4(5). It is 
intended to be a meaningful parameter for thermoplastic 
components in service which are likely to fail in a pronounced 
ductile manner. They argue that the stress intensity factor is 
measured by brittle fracture, and is consequently not 
applicable. By incorporating the yield stress with the stress 
intensity factor a more useful term is obtained.
A table of test-piece geometries, test conditions and 
materials studies is included (Table 2.2). It is interesting to 
note that differing observations were made from different 
test-piece geometries.
2.3.5 Impact behaviour
Impact properties of SFRTPs have been measured thoroughly, 
for two reasons. Firstly because the methods provide a quick, 
quality assurance test which is well suited to commercial 
production. Secondly, as a major attribute of the materials is 
their impact toughness it is important that accurate measurements are 
made. However, it is apparent that the test conditions are very 
significant in influencing results and this makes comparison
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between different works difficult. Theberge and Hull (9) have 
indicated discrepancies between notched and unnotched specimens 
over a range of glass fibre filled thermoplastics. They observed 
opposite trends for toughness versus fibre fraction in the cases of 
notched and unnotched specimens. Davis (107) confirms similar
observations.
Tne effect of the fibre dispersion is very significant upon 
toughness. This is in agreement with the fracture toughness 
results of Mandell etal (104). In fast fracture it is generally 
considered that the matrix material plays a more significant 
role (105). Thomas and Meyer (3fp have investigated the fibre 
orientation effect, and show that the optimum toughness occurs 
when the fibres are normal to the crack direction. Tnis
test-piece configuration enhances the contribution from fibre 
pull-out.
Tne relationship between fibre fraction and impact
toughness is complicated by other factors which are influencial. 
Interfacial bonding, orientation and length distribution will 
all give rise to differences according to the processing route.
In some cases (108,109)» the composite impact energy is lower 
than the unreinforced matrix for low fibre fractions.
Ramsteiner and Tneysonn (109) have carried out work illustrating 
'this effect; a reduction in ductility of the matrix is observed 
with the addition of brittle fibres. Further increasing the 
fibre concentration may lead to an increase in toughness. The 
reasons for these patterns of behaviour may be explained simply. 
Adding brittle fibres to a ductile matrix will reduce the 
elongation to failure of the composite, yet at the same time, 
the contribution due to fibre pull-out will be too small to
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influence toughness. At higher fibre fractions, when the 
ductility is further reduced the pull-out contribution is large 
enough to compensate for this matrix embrittlement. Increasing 
the fibre fraction further results in even higher toughness up 
to a maximum value, after which it declines. Seiler etal (110) 
have investigated the dependence on the interfacial bond 
strength and have shown that a good bond promotes toughness in 
these materials.
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3 EXPERIMENTAL WORK
3.1FABRICATION
An overview of the production routes employed is illustrated in j 
' Fig.3.1.1.
The majority of materials were prepared by an extrusion 
; precompounding technique, which used widely. These materials were 
injection moulded into a wide range of flat specimens. An earlier 
study, however, used a dry-blend of matrix granules and chopped strand 
fibres as the moulding compound. These unconventional materials 
produced by ’direct-injection' gave rise to some interesting results 
(111), and were further tested in this work.
i
The direct injection moulded materials were produced at Surrey.
3.1.1 Materials
supplied by ICI pic;
- Maranyl A 100
- Maranyl B300 
20% by weight rubber toughened Nylon 6.6
* (the rubber type being a modified ethylene-propylene rubber) 
The 3mm chopped strand E-glass fibres were of three types
The three nylon matrix polymers were 
these were:- 
Nylon 6.6 
Nylon 6
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a) Fibreglass Ltd. (CODE A)
b) Silenka bv. (CODE B)
c) Fibreglass Ltd (CODE C).
The differences in these fibres lay in their size 
formulations.
Tumble-blended moulding compounds were made up into approx. 2kg
i
quantities.
DRY-BLEND FORMULATIONS ARE CODED BY A 'S-' IN TABLE 3.1.1.
Tne chief range of materials used in this work were extrusion
precompounded blends. Tne fabrication campaign was carried out
at ICI pic using industrial scale equipment and the processing
conditions recorded. Tne nylon matrices were identical to those
described for the direct injection materials. However, a 20$(by
weight) rubber toughened grade was precompounded from primary 
ingredients, as a master batch - a grade used solely for the
| purposes of this work - but as close as possible to the original
rubber toughened nylon used in the earlier study.
Tne glass fibres were of one specification (CODE A) for
the whole range of materials. In addition to these grades, two 
plant precompounded grades were moulded in order to provide 
means of comparison with commercial materials. Tnese were:- 
33£by weight glass fibres in nylon 6.6 - Maranyl A190
33*by weight glass fibres in 20$ by weight rubber toughened 
Nylon 6.6
Sufficient quantities of the precompounded materials were 
produced to fulfil all test-piece requirements for this 
investigation.
THESE PRECOMPOUNDED GRADES ARE CODED BY A PREFIX ’I-' IN
TABLE 3.1. 1._________ __________________ _______________________
- including materials II - 19 and 123 - 127.
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Additional materials which share the same processing history 
as the precompounded grades but differ in their formulation, were 
prepared at a later stage in this work. A new rubber (of 
similar formulation) was incorporated at intermediate weight 
fractions (5,10 and 20$ by weight).
At the time of preparing the chief range of materials 
described, the fabrication techniques were insufficiently 
developed. This meant that in these fI-? coded materials high 
fibre fractions were not precompounded in the 20$ rubber grade. 
In this fabrication campaign (f11—* coded) refinement of the 
extrusion processing allowed a more comprehensive range of 
materials to be produced. This was due to the optimisation of 
the hsul-off stage of precompounding which allowed the poor melt 
strengths to be accommodated. These grades were prepared in 
small (5kg) batches. THIS SECOND GROUP OF EXTRUSION 
PRECOMPOUNDED MATERIALS WILL BE REFERRED TO AS ’II-’ IN TABLE 
3.1.1.
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3.1.2 Extrusion precompounding
Compounds of the nylons, glass and rubber were prepared by 
extruding a dry-blend of components using equipment similar to 
that used in commercial compounding operations. This equipment 
was housed at ICI pic (Plastics and Petrochemicals Division, 
Maranyl group).
Tne first step in preparing a ’blend’ of glass fibres, nylon 
and rubber was to weigh out the appropriate proportions, and 
dry-blend the mixture in a large polythene bag. Tnis tumbling 
process may be performed by hand or in a large automatic machine 
depending on the size of the batch. Nylons are hygroscopic 
materials, generally containing up to 5$ by weight water (112). 
This water content would lead to a low quality injection 
moulding feedstock if it were not removed before extrusion. To 
overcome this problem therefore, a 12nr hour vacuum drying 
operation (at 90°C) was carried out. Injection moulding 
compounds which contain moisture produce porous mouldings; 
consequently the removal of water is essential at every stage of 
fabrication. Tne dry-blends were passed through an MPM single 
screw extruder, and were subsequently extruded through a 
spaghetti die into a water quenching bath. A vacuum was applied 
to the vented extruder barrel at the decompression zone, in 
order to enhance the wetting of the fibres by the matrix, and to 
remove unwanted volatiles such as any remaining water or 
decomposition products from the melting of the polymer. 
Fig.3.1.2 shows the extrusion process; the extrudate or ’lace’ 
is hauled off to a multibladed cutter where it is chopped and 
then cooled in a fluidised bed.
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Machine operation
All materials were processed under identical conditions;
with the exception of nylon 6 which has a lower melting
temperature. The haul-off stage, on the other hand, required 
some sensitive variations depending on the properties of the 
molten material. Tne ’lace’ strength of different grades
(when still molten) varies considerably. Tne balance between 
the distance between the extruder die and the water bath, and 
the rate of haul-off is therefore important for steady state 
conditions to be obtained. Tne passage of the molten blend 
from the die to the water bath is critical especially when 
rubber toughened, since in this region the nylon undergoes 
severe oxidation. If this distance is too small, the maximum 
haul-off rate is lower because the extent to which drawing is 
possible is reduced. Tnis, in turn, reduces the speed of 
haul-off which is undesirable because firstly, the slower 
moving lace becomes more oxidised, and secondly the lace
diameter increases and can cause problems in cutting. On the 
other hand, if the die-to-bat'n distance is too large, the 
oxidation problem is still present since the time period
during which the molten lace is in contact with the air is
still high. And the problem of over-drawing, giving rise to
thin, weak extrudates is then observed.
Tne speed of the extrusion also influences the degree of 
water uptake which occurs during quenching. It is 
undesirable to allow moisture to be retained during the 
process since an extra drying step would then be required 
prior to injection moulding. Tnis problem can be overcome by
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reducing the length of submergence of the lace in the bath. 
Additionally, air jets may be applied to the lace as it 
emerges from the bath and by subsequent drying during its 
passage through a fluidised bed moisture contamination may be 
minimised.
3.1.3 Dry blending for injection moulding
The blends which were produced for direct injection moulding 
were weighed and hand tumbled in a suitable container. It 
should be noted that in these materials the tumbling process is 
net entirely satisfactory in producing a homogeneous mix. 
Static charging induces adhesion of fibres to the container 
walls. Tnis effect may be associated with the fibre surface 
treatments (static charging occurs in all fibre blends used but 
is not as significant in large mixes). As a result, the 
moulding fibre dispersion tends to suffer, in particular when 
the batches are small such as in this investigation. Fig.3.1.^ 
illustrates this effect; a disc test-piece (TP No.3) w«s 
examined using X-radiography. As Fig.3.1.** shows, the fibre 
dispersion is not good, with the fibre lengths remaining 
relatively long after processing - a consequence of using a low 
moulding backpressure.
Material storage.
The materials were stored in sealed steel drums immediately after 
extrusion, and were injection moulded within seven days of 
compounding. Commercial grades were supplied in sealed sacks and were 
assumed to be dry.
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3.1.4 Injection moulding
Tne injection moulding was performed on three machines:- 
At Surrey:-
A Boy 15 25mm barrel/25g shot size 
preplasticising screw moulding machine.
At ICI plc:-
A Demag D80 moulding machine.
An Ankerwerk A36 moulding machine.
(These are also screw preplasticising machines).
To produce acceptable moulding quality the moulding 
conditions are restricted to a range of operation parameters. 
Tne production of suitable mouldings in this work was carried 
out under the consideration of the recommendations by Folkes 
(12). Tnis means that the injection moulding was carried out 
using the highest possible injection pressure, without inducing 
’flashing’, and with the minimum backpressure to achieve mould 
filling and fibre dispersion. In other words, the degree of 
preplasticisation was kept to a minimum in order to avoid 
significant fibre attrition.
It was possible to retain these machine settings for most of 
the materials without reducing moulding quality. Short fibre 
reinforced nylons have a low melt viscosity and consequently 
produce good mouldings under suitable conditions.
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Injection moulding at the University of Surrey 
\
Two moulds were used: In one, two tensile specimens were
produced; in the other, a Charpy bar and a disc.
These mouldings are shown in Fig.3.1.St-
Mould i) Two tensile bars (ASTM-type) - one side-gated 
(TPNo.2 and TPNo.14(machined)) and one end-gated (TPNo.l).
Mould ii) A notched Charpy bar - (TPNo.4), together with a 
side-gated disc (50mm x 2mm)(TPNo.3)•
Tne direct injection (’S-fcoded) materials were moulded 
into these test-pieces. Tne materials produced in the 
’I-’coded production campaign were also moulded into impact 
specimens using mould ii).
Tne unreinforced nylons (123, 124 and 125) were also
moulded using the two Surrey moulds.
Injection moulding at ICI
The extrusion precompounded grades prepared in the initial 
campaign (11-9) were injection moulded into all the 
test-pieces described below.
The mouldings produced were:-
i) A multiple cavity mould which incorporates:-
Tensile specimen (ISO)(TPNo.5)
Unnotched Charpy specimens (x2)(TPNo.7)
Heat distortion temperature specimen.(TPNo.6)
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ii) A side-gated disc (IFWIT) (4.5”x 3mm)(TPNo.8)
iii) A side-gated notched disc (IFWIT) (4.5Mx 3mm)(TPNo.9) 
with the notch oriented at 0? 45°or 90° with respect to the 
melt flow direction.
(refer to Fig.3.1.5 for all moulded test-pieces.)
iv) A double-gated plaque (6"x6nx3mm)(see Fig.3.1.3). The 
second range of materials (’II-’ coded) were only moulded 
into the square plaque moulding. Tnis plaque test-piece was 
also machined to provide a range of test-pieces (Fig.3.1.6). 
Tnese were tested in parallel to the moulded specimens 
previously described. Clearly these machined test-pieces 
differ in their microstructural features which are dependent 
upon the nature of the moulding conditions.
3.2 MECHANICAL TESTING
3.2.1 Testpiece storage and test conditions
It was the aim of this experimental investigation to perform 
mechanical tests on dry test-pieces (i.e. $mcisture < 1$ by 
weight). Consequently test-pieces were stored at room 
temperature in sealed vessels containing silica gel. This 
ensured that the mechanical testing of the specimens was 
possible in the ’as-mculded’ state. Periodically however, the 
mouldings did become exposed to the atmosphere, due to the 
preparation required for testing or for machining, and so to
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further ensure their 'as-moulded' state a vacuum drying step (12 
hours at 90°C) was incorperated thus eliminating the need for moisture 
checks. This treatment probably introduced temperature-history
effects which increased the scatter of these machined test-pieces.
In certain cases, where test-pieces were not moulded, (for
example; tensile specimens of 1110-22), test specimens were 
machined from plaque mouldings. Tnis, of course, resulted in 
incompatible results arising from FOD differences, and thus 
12 moulded tensile bar control specimens were produced for 
comparative purposes. Results which were prepared from machining are 
denoted 'CFP' - Cut From Plaques - and the melt flow direction with 
respect to the applied load is indicated.
3.2.2 Fundamental tensile properties
Tensile tests were performed at room temperature (23°C) on ISO or 
ASTM test-pieces
(depending on the materials as described (Sect.3*1.1)). An 
Instror. 1195 tensile testing machine was used, with a Bryans 
X-Y-Y’ pen recorder to record the force, strain and where 
appropriate acoustic emission. Tne strain was measured directly 
using an Instron 25mm gauge length extensometer, and the 
acoustic emission output determined from an 'in-house' test 
apparatus, which collects the acoustic events through a guarded 
transducer arrangement.
Each datum presented represents the average of at .least ten 
test results (testing was always carried out sequentially and 
under identical conditions).
Tne tensile test results are presented in Figs.3.2.3 through 
to 3.2.15. Data is also presented for a notched tensile test 
programme. Tne specimens used for this study were ASTM waisted
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tensile specimens (TPNo. 1 or 2) which were milled with a 2mm
deep V-notcn on each edge. These notched tests were used to 
calculate a number of parameters, namely:-
i) Stiffness, strength and failure strain data (for 
comparison with unnotched tests).
ii) The notched strength ratio, which is a measure of the 
notch sensitivity of a material (see Fig.3.2.15.).
iii) Stress intensity factors (refer to Section 3.2.5.).
3.2.2.1 Stiffness
Fig.3.2.1 shows two force/strain responses. Tne
non-linearity in the curves can be analysed to give numerous
sfiffness values up to different levels of strain but does
depend upon the strain rate. For this reason all tensile
tests were performed at a crosshead speed of 1mm/min which
correlates to a strain rate of 8xl6Ss . A 1$ secant modulus
was considered the most suitable parameter to measure Young’s
modulus ; the two curves in Fig.3.2.1 illustrate the Young's
modulus measurement.
Tensile stiffness is plotted in Figs.3.2.3 - 3.2.6. In
all graphs the effect of fibre reinforcement can be seen as
beneficial to the stiffness. Tne incorporation of 0.3Vf
glass fibre increases the stiffness of the unreinforced nylon
matrix by as much as 400$. Tne additions of rubber, however,
progressively reduce the Young's modulus in the unreinforced __
nylon 6.6 (0%>5%>10%>20% wt rubber toughened nylon 6.6 (RTN)).
I
However, more importantly, the rubber also has the effect of reducing 
the
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efficiency of fibre reinforcement. Tnis can be seen in 
Figs.3. 2. 3—4 not only does the rubber reduce the stiffness 
across the whole range of fibre fractions, but also decreases 
the slope of the E vs. Vf plot.
3.2.2.2 Strength
Strength, taken as the maximum stress, is easily 
determined from the stress-strain curves (the derivation of 
the strength from a typical stress/strain response can also 
be seen in Fig.3.2.1).
Unreinforced nylon 6.6 undergoes ’drawing’ when it is 
tested in tension if it contains sufficient moisture to 
plasticise it. It was observed that the more ductile rubber 
toughened unreinforced grades went through the ’drawing' 
process, despite being tested in the dry state. Tne dry 
fibre reinforced materials, however, exhibited no necking or 
drawing behaviour in these tests. Figs.3.2.7 to 3.2.10 
illustrate the relationships between tensile strengths and 
the fibre fraction. Tnis non-linearity of the 0^ vs. Vf 
plot arises because of the tensile fracture mechanisms of 
interfacial debonding, matrix shear banding and 
microcracking. In addition to these failure processes, an 
element of non-linear behaviour arises due to the inherent 
viscoelastic nature of the polymeric matrices. Tnis effect 
becomes more pronounced as the rubber content increases (see 
Fig.3.2.8); ultimately, in the case of the 20$ RTN6.6 a 
maximum is observed in the strength/fibre fraction behaviour.
Page 73
This observation indicates that the rubber undermines the 
tensile behaviour at higher fibre concentrations.
3.2.2.3 Strain-to-failure
An extensometer was used for direct strain-to-failure 
measurement.
Tne strain-to-failure measurements were measured with 
extremely good reproducibility (a standard deviation of 10$ 
or better of the ultimate strain). Tnis data confirms that 
the moulding quality and consistency was extremely good.
Tne results (see Figs.3.2.11 to 3.2.14) exhibit this 
reproducibility, even between the differing test geometries. 
Tne basic trends indicate that there is a minimum 
strain-to-failure for this range of fibre fractions, 
irrespective of the matrix type. . Although there is 
considerable difference in the matrix ductility
(20$>10$>5$>0$ wt RTN6.6), the fibre embrittlement effect 
offsets the matrix ductility giving rise to a unique ultimate 
strain for all materials containing fibre contents greater 
than 20$ by volume.
Tne failure strain of the test specimen may only be taken 
as valid if the fracture path is contained within the span of 
tne extensometer. Any tests which did not comply with this 
criteria, were compared with parallel tests which did; 
generally, it was observed that the failure strains were 
consistent despite failing outside the measuring span. This 
indicated that the strain distribution was uniform throughout
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the test specimens even to the point of failure, and that 
only an insignificant amount of necking occurred (except for 
the unreinforced materials).
3.2.2.4 Acoustic-emission behaviour
The equipment used was developed at the University of 
Surrey. It uses three acoustic transducers positioned along 
the gauge length of the specimen (see Fig.3.2.2). Tne 
transducers were coupled to the specimen using a layer of 
petroleum jelly, which ensured a good acoustic ’contact’.
Two outer transducers comprise the ’guard* system, whilst 
an inner one measures the signal. Tne ’guard’ transducers 
record all extraneous signals which are compared with the 
total measured emission.
Using an extensometer complicates this process; the 
mechanical movement of the extensometer arms cause some 
acoustic noise to be generated. It was observed that this 
noise was reduced when rubber bands were used to fasten the 
extensometer to the test-pieces. Despite careful 
experimental technique the acoustic emissions were 
irreproducible even in consecutive tests using identical test 
settings. This suggests that the events in the fracture 
process which give rise to acoustic output are probably not 
uniformly dispersed through the strained test-pieces but are 
more localised in the region in which fracture occurs. 
Figs.3*2.16 and 3.2.17 show the acoustic emission trends. A 
number of difficulties undoubtedly influence the results
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i) The extraneous noise, i.e from the grips, the 
extensometer, and external vibrations.
ii) The unreliability of the failure occuring under tne 
signal transducer. (One moulding type in particular (TPNo.1) 
always failed at the gate end of the gauge length - which is 
directly under one of the guard transducers.)
iii) Attenuation of the sound waves in the range of 
materials was assumed to be a constant, irrespective of fibre 
or rubber contents.
3.2.2.5 Poisson ratio measurements
ThePoisson'sratios were calculated for materials 11, 12,
14, 15, 17, 18 and 19 using the same experimental procedure
as for the other tensile tests (TP No.5). The test coupons 
were fitted with longitudinal and transverse strain gauges 
(type Tokyo Sokki Kenkyujo FCA-6-11) and were connected to 
Vishay Wheatstone bridge boxes which displayed the strain, 
Tne transverse strains were measured at four longitudinal 
strain levels:- 0.25, 0.5, 0.75 and 1.0 %. Tne Poisson's
ratio could then be calculated according to the equation :
Table 3.2.1 lists the calculated Poisson's ratios. There is a ! 
significant variation in these
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3.1
materials, the average value being approximately 0.4.
3.2.3 Compression testing
The yield stresses were determined from the compression test 
proposed by Ford (113). In this test the stress is applied by 
parallel dies in a desired plane. Tne technique allows a yield 
stress to be determined for plane strain conditions. Tnis yield 
value differs from that measured by tensile testing, or indeed 
any measurement that can be taken from the tensile stress strain 
response. Tne reason for this distinction lies in the fact that 
the plane strain compression test produces a yield value which 
is a true materials property and is not subject to the fracture 
nucleation processes associated with tensile fracture. Tne test 
for polymeric materials, described by Williams (114), makes use 
of the test configuration illustrated in Fig.3.2.18. Tne load 
is applied to the material until a yield is observed in the 
force/displacement trace. The test is then repeated for a range 
of geometries with the primary variable being 1/b (b is the die 
breadth). As b varies, the conditions for which the test is 
valid necessitates altering the specimen geometry to accommodate 
the plane strain criterion:-
\n> 4b
w= specimen w id th
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The stress, which is calculated for each geometry from the 
equation :
P  3.2
0  ~  T T ~  b.w
is plotted as a function of 1/b (die breadth).
This enables an extrapolation to infinite die breadth which 
eliminates the influence of the bulging forces which are a feature of 
testing polymeric materials in this technique (see Fig.3.2.19). The 
testing was carried out on materials 1 1 - 9  and 1110 - 22.
In testing the range of ’I— ’ and ’II—* coded materials, it
was clear that there were orientation effects. As a result of
this anisotropy in the plane of the plaque moulding from which
the test-pieces were machined (TPNo. 13)» it was decided that
out
testing would be carriedAin two orientations. By referring to 
Fig.3.2.18, the orientations of the applied stress and the melt 
flow can be described
The load is applied to the material until a yield is observed in 
the force/displacement trace. The test ensures plane strain * 
conditions because the material is constrained in the ’2 ’ direction. 
(This is applicable when the specimen width (w) is greater, or equal 
to, four times the die breadth (b).) The test is performed for a range 
1/b ratio test geometries in order to make a correction for the 
bulging forces which occur just outside the die.
In Figs.3.2.20 and 3.2.21 the two orientations of
testing are shown. In compression, the relationship between
yield stress and Vf is linear for all materials and the
efficiency of strengthening (the slope) is the same for all
matrices, including the rubber toughened derivatives. The
addition of the rubber progressively reduces the yield stress of 
the composites of a given fibre content.
Tne effect of fibre orientation can be noted by comparing the
two plots. :
The devalues are significantly higher than those obtained for <5^
indicating that the fibre alignment is predominantly in the flow
direction. ----  -- ---- ---------  ---------------
Unexpectedly, there also appears to be an orientation effect
due to the rubber particles. This can be seen in Fig.3*2.22, in 
which the three possible effects which can give rise to 
orientation are superimposed. These effects are:
i) The fibre orientation distribution.
ii) The rubber particle shape, and orientation.
iii) Any prefered orientation of the nylon molecules 
themselves.
Fig.3*2.22 is a plot of an ’orientation factor’ against the 
fibre fraction. Tne ’orientation factor’ in this case, is the 
ratio of the yield stress in the direction normal to flow 
divided by the parallel yield stress. It was thought that the 
fibre orientation would be most dominant, but the trends 
indicate that the combined anisotropies of the microstructural 
components are complex.
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3.2.4 Fracture Tests
Fracture tests using high rates of strain were carried out to 
investigate impact resistance, and slow rate tests in which 
controlled crack propagation occurred provided fracture 
toughness data.
Tne fracture surfaces were studied ' in order to gain an 
understanding of the toughening macnanisms which operate in 
these materials. These studies are described in the later
Section 3*3.
3.2.4.1 Impact testing
There are a number of ’established’ impact testing 
techniques, which are used widely to provide data quickly and 
with the minimum of specimen preparation and mathematical 
analysis. Moore (115) has recently expressed the view that 
the impact test has been required to give unambiguous and 
reliable results. He observes that emerging from a somewhat 
blind approach to materials evaluation is a more
scientifically founded technology. Instrumented impact 
measuring devices are now commonplace and the use of 
parameters linked with geometry independent fracture 
mechanics is developing.
In this work, tests of differing levels of sophistication 
have been utilised: from Charpy pendulum impact tests to
instrumented notched disc tests which provide stress
intensity factors from a generalised complex disc analysis.
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Charpy pendulum impact test
The Charpy test data were obtained from a miniature 
apparatus developed ’in-house’ (Fig.3.2.23). The test is 
not instrumented. Tne entire range of materials (Table 
3.1.1) were tested using a variety of test-pieces. The 
standard Charpy test loads a beam specimen in 3-point 
bending with the notch positioned away from the hammer on 
the tensile edge, and records the energy lost from the 
original pendulum potential energy after impact. A 
photoelectric cell was used to indicate the loss in hammer 
velocity from which the absorbed energy is calculated. A 
range of test configuration was used subject to the 
materials and the type of test-piece.
’I-’ materials - TPNo.s 4 and 7 were used.
’II-’ materials - TPNo.s 4 and 14 were used.
’S-’ materials - TPNo.12 was used.
The total fracture energies calculated were compatible 
with G (work of fracture) and were divided by the surface 
area.
Some temperature impact testing was also carried out to 
observe any microstructural effects. In this case the 
test-pieces were ’soaked’ at temperature prior to testing.
Tne Charpy results (presented in Figs.3.2.24 through to 
3.2.30) contain some points of interest:-
i) The fibres embrittle the matrix impact toughness, 
before giving rise to a toughening effect at higher fibre 
fractions.
ii) The materials containing rubber dispersions exhibit
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pronounced toughness superiority over those without 
rubber.
iii) The combined effect resulting from a) toughening 
at high fibre fractions, (more pronounced in N6.6) and b) 
the embrittling effect of the fibres, (most significant in 
the rubber containing matrices) gave rise to the least 
difference in toughness at high fibre contents.
Similar trends were confirmed, despite test-pieces 
being taken from different mouldings and with alternative 
types of notching.
Instrumented Falling Weight Impact Testing (IFWIT)
All test-pieces in this study were discs of diameter 
6ff, centrally loaded by a 12.5 mm diameter steel ball. An 
annular ring, 50mm in diameter, supported the test-pieces 
which were subject to impacts of 3 and 5 ms  ^. Tne test 
apparatus was housed at ICI pic PAP division where it was 
developed (116)(see Fig.3.2.31). A smaller test-rig has 
been built at the University of Surrey along similar 
lines. Tne instrumentation of the test is brought about 
through a Kistler piezoelectric load cell situated in the 
falling weight. Tne impact forces sustained by the load 
cell are converted into electrical responses in very short 
delay times - the electrical voltage pulses are then 
amplified by a Kistler Kiag Swiss Type 500/SN Charge 
amplifier. Tne amplified signal is finally stored by a
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Datalab DL905 Transient recorder. Tnis device, which 
retains voltage pulses in its 1024 byte memory, can 
resolve small variations in voltage. Once stored, the 
voltage/time trace can be either plotted out or interfaced 
to a computer for analysis. Since the impact energy is 
far in excess of that required for penetration of the 
specimens, it may be assumed that the falling weight 
velocity is unaltered by the impact. Tnus the voltage 
(force)/time trace may be converted to force/displacement.
Tne transient recorder memory was analysed using software 
developed at ICI for an' interfaced Commodore PET. Tne 
programme integrates the areas below the F/0 response and 
provides crack initiation and crack propagation energies.
Tne forces and deflections may also be extracted.
Fig.3.2.32 shows an analysis of a typical SFRN response.
Both unnotched (TP No.8) and notched specimens (TP 
No.9) were tested, in materials 12 and 14. Tne notches 
were positioned on the tensile face of the specimen 
(underside). The notch orientation was at 0°, 45° and 90° 
to the melt flow direction. Supplementary unnotched tests were 
performed on materials (11-9) at a later stage in this 
investigation in order to fulfil two requirements:
i) to confirm trends and supplement existing data
ii) to establish ’shelf-life’ effects.
Tne IFWIT results are plotted in Figs.3.2.33 and 3.2.34 
for the total failure energies, and Figs.3.2.35 and 3.2.36 
for crack initiation energies. Tne total failure energies 
illustrate the improvement in the impact toughness when 
the matrix is rubber modified. The crack initiation
Page 83
trends indicate that the fibres' prescence may be causing an 
'internal notching' effect similar to that observed fot the Charpy 
test (Fig.3.2.25). However, Fig.3.2.26 which contains the data for 
compounded material does not agree with this observation. In fact, 
the rubber toughened material appear to exhibit excellent resistance 
to crack initiation.
Staircase initiation test
This test is based upon the threshold type tests
employed in fatigue tests (117,118). The falling weight
apparatus is used, but with smaller potential energies, in
order to initiate rather than propagate a crack.
Tne test uses successive untested specimens to assess 
whether the impact has induced damage or not. Tne
potential energy is reduced by energy increments (Uy =
0.1J) from an energy level (height) where it is known that the 
specimens will have a crack initiated. Once the energy is 
low enough (U0), a specimen will be undamaged by the
impact, and it is at this point that the test begins. Tne 
energy of the falling weight is then increased for a 
survivor and decreased after a failure.
Disc test-pieces moulded at Surrey were utilised in
this test (TP No.3). Twenty specimens provided sufficient 
data to allow an accurate analysis (Fig.3.2.37).
In some instances, a visual examination of the 
test-piece is not sufficient evidence to deem the
test-piece a ’failure’ or ’survivor’. This is 
particularly the case for the rubber toughened nylons, 
since the stress whitening which occurs prior to cracking 
tends to obscure the cracks present. However, this 
problem was overcome by using the instrumentation of the 
IFWIT test rig. Unbroken specimens exhibit perfectly 
sinusoidal F/t traces, as the falling weight rebounds 
after an elastic collision; a slight deviation in the F/t 
trace can thus be attributed to crack initiation (see 
Fig.3.2.38).
Tne staircase crack initiation results can be seen in 
Figs.3.2.39 to 3.2.40. They show similar trends to the 
IFWIT crack initiation data in that the N6.6 and RTN6.6 
composite crack initiation energies converge at high Vf’s.
3.2.5 Fracture Toughness Tests
3.2.5.1 Double-edge-notch (DEN) tensile tests.
Tests were performed on moulded ASTM-type test-pieces (TP 
No.s 1 and 2) using the same test procedure as for unnotc'ned 
tensile specimens. The range of materials ’S-’coded, were 
machined with 2 x 2 mm 45° notches machined on opposite 
faces. Tne results were also compared with those from 
unnotcned specimens, by calculating the Notch Strength Ratio
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(NSR = notched strength / unnotched strength). Tne notch 
strength ratios are presented graphically in Fig.3.2.15; and 
an indication of the notch sensitivity can be gained from the 
illustrated behavior. Tne presence of a large defect is 
apparently important in the failure process^ in the case of 
the unreinforced matrix materials, the notch actually causes 
a strengthening effect.
Tne DEN tension results can be analysed for K (the stress 
intensity factor) using the equation (79) :
K/ = Y.o.Td 3.3
Y= l99+076q^-8A8l%/+ 27.36(%?
G values were not measured from this test, because the crack 
propagation was uncontrolled and would contain gross 
inaccuracies due to excess stored energy in the test-piece. 
This test geometry is now little used in toughness 
measurement, as the symmetry of the specimen is quite 
critical for analysis, and is difficult to achieve with 
machining techniques. Furthermore, in anisotropic materials 
out-of-plane stresses may be induced.
Tne stress intensity factors are shown in Fig.3.2.41.
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3.2.5.2 Three point bend test
Three point bend tests were carried out using identical 
specimens and loading geometries to the Charpy test (TPNo.4).
Tnis was to allow for a comparison to be made between the 
test parameters. Tne beams were loaded at a crosshead speed 
of Imm/min. Analysis of the beam stresses can be made using 
the equation proposed by Srawley (119) :
K = ^  • 3(V*t99'fy1V(z15'3-93VZ7&!]
B W H  211+2 fyJh-Offf*
34
and G may be determined from the area of the F/§ trace.
Tne test procedure gave rise to stable crack propagation. 
However, the more ductile, and less stiff materials proved 
more difficult to test. Due to the specimen geometry, the 
test-pieces were subject to severe indentation at the loading 
rollers which was clearly unacceptable. Furthermore, these 
test-specimens were prone to springing out of the loading rig 
once damage at the rollers had occurred (these effects are 
illustrated in Fig.3.2.42).
Tne results were derived for tests which were carried out 
on two materials (code 12 and 14) of intermediate fibre 
fraction, and are shown in Table 3.2.2.
For comparative purposes data from other tests for these 
materials are included in the table.
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3.2.5.3 Compact tension (CT) tests
A compact tension test-piece configuration was also 
employed as it allowed a work of fracture G value to be 
determined through controlled crack propagation, and overcame 
the problems associated with the loading configuration of the 
three-point-bend test (see Fig.3.2.45).
The test-piece geometry was based upon the ASTM-E399 
test-piece modified by Lhymn and Schultz (J_9) for use with 
glass reinforced polyet'nylene-terephthallate materials. Tne 
stress intensity factor was derived for CT specimens from the 
equation:-
The test-pieces were machined using a conventional bandsaw; 
and the notches then sharpened with a scalpel blade.
A range of a/W ratio specimens were tested in order to 
ascertain the geometry dependence of the test configuration. 
The maximum load can be plotted against a ’geometry factor1 
to show this relationship. Fig.3.2.44 illustrates this 
technique - the linearity indicates the independence of Pmax 
upon geometry. This, together with calculations of the 
plastic zone radius were used to confirm plane strain testing 
conditions.
A further investigation was also carried out using the 
same materials (11-9) to establish the effect of temperature
35
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upon K and G. For these tests, a smaller test-piece (half 
the original dimensions) was used in order to preserve the 
amount of material used, and to facilitate testing in limited 
space. Tne test temperatures were -50°C, 23°C and 50°C, and 
were achieved by means of an environmental cabinet fitted to 
an Instron TTD testing machine (see Fig.3.2.45).
In these initial fracture toughness testing campaigns, the 
test-piece production was imprecise with only bandsaw and 
scalpel tolerance limitations. A final campaign was thus 
carried out using a wide range of materials (I1-9» 1110-22)
for which the test-piece production was more precise. A jig 
was set up which ensured that the loading holes, the notch 
and specimen edges were perfectly aligned. Tne machining was 
carried out by a purpose designed diamond-tipped bandsaw to 
ensure the production of smooth edges, as well as increasing 
productivity. In addition to this, the notches were milled 
to 55° and a notch tip radius of 0.05mm. A standard notch 
shape was chosen rather than a chevron and the cracks were 
not fatigue sharpened before testing. It was shown by 
Mandell etal (104) that the testing of these materials does 
not necessitate the notch to be fatigue sharpened. 
Furthermore, the milling of a chevron notch promotes the 
development of out-of-plane crack propagation, especially 
when through thickness FOD layers are present.
The compact tension test-piece dimensions are shown in 
Fig.3.2.43. Fig.3.2.46 shows that the testing geometry is in 
reasonable agreement with linear elastic fracture mechanics. The 
criteria which must be satisfied for plane strain conditions are as 
follows
i) The size of the plastic zone should be less than one third of 
the specimen thickness. The plastic zone is at the tip of a
propagating crack and is a function of the yield stress (c£) and 
the stress intensity factor (KIC).
ii) The results must be shown to be independant of the test-piece 
geometry, by exhibiting linearity over a range of geometries when 
force is plotted against a geometry factor (as in Fig.3.2.44).
The compact tension stress intensity factors (K) are shown 
in Figs.3.2.47/48 (large geometry) and Figs.3.2.4S/50 (23°C),
Figs.3.2.51/52 (50°C) and Figs.3.2.53/54 (-50°C)(small
geometry). These results were computed from the fracture 
mechanics equation i Eqn 3.5 .
Strain energy release rates (G) were measured from a work 
of fracture approach, and are presented in
Figs.3.2.55/56/57/58 (large geometry).
The associated plastic zone radii for these tests were 
calculated from Eqn 2.46 and are shown in Figs.3.2.59/60 
(large geometry) and Figs.3.2.61/62 (small geometry).
Compact tension test-pieces were all cut from plaques (TPNo.ll), 
so that the direction of crack propagation was either parallel or 
perpendicular to the melt flow direction.
3.2.5.4 Dual beam cantilever (DCB) test
Dual beam cantilever testing was used to achieve specific 
conditions for subsequent fracture surface investigations.
The test, for which the specimen is illustrated in
Fig.3.2.63, was not performed to measure any toughness
parameters, but rather to promote crack propagation at large
differences in crack velocities. The path of the crack was
Page 90
constrained within a milled section. In this way a change in 
fracture morphology was observed to occur at approximately 
33.3s in the rubber toughened materials.
3.2.5.5 Notched disc testing
To supplement the notched disc instrumented falling weight 
impact test results, tests were performed on identical 
test-pieces (12 & I4)(TP No.9) at slower rates. The test
geometry is illustrated in Fig.3.2.64. From the test, a
fracture toughness analysis can be carried out for both
impact and slow tests.
Analysis is valid while the defection (§) remains less 
than the specimen thickness Cn).
The force/time (deflection) response can be analysed from
the trace shown in Fig.3.2.65. The strain energy release
rate can also be calculated from the area of the graph (Up).
The results are presented for 0°, 45°, 90°notches with respect to
the melt-fill direction in Table 3.2.3.
Tnese results are also tabled with those obtained for 
the three-point bend data presented for the same materials in 
Table 3.2.2.
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3.3 MICROSTRUCTURAL CHARACTERISATIONS
3.3*1 Fibre fraction confirmation
Producing injection mouldings by the fabrication techniques 
described (section 3.1) does not guarantee that the fibre
fractions will be present in the correct proportions. Indeed, 
the fibre fractions are generally lower than those expected.
To measure fibre fractions, ceramic crucibles containing 
perfectly dry mouldings were weighed. The matrix material was 
then burnt-off in an oven at 500°C for 4 hours. This stage of 
the measurement was most critical, since the melting and 
oxidising of the nylon matrix can be vigorous. The following 
steps were taken to ensure that the fibres were retained :
i) The loss of fibres due to the convection and escaping of
gases from the melting nylon, can be restricted to some extent
by using a crucible with a loose-fitting lid.
ii) It was found that the severity of the burning of the 
matrix was reduced when the specimens were heated up from room 
temperature, rather than by placing the specimens inside the
oven at temperature.
After burning-off, the crucibles were reweighed. The fibre 
fraction was calculated from the following equation:-
W= w.t frac tion  
p ~  density
3.6
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The determination of the fibre fractions for all materials is 
shown in Table 3.3*1. In these evaluations all burn-offs were 
made using the HDT test-piece (TP No.6).
To substantiate that the fibre dispersion was uniform within 
mouldings, a tensile bar (TPNo.5) from nylon 12 grade was 
sectioned and five separate regions were evaluated for fibre 
fractions (see Table 3.3.2)
Some difficulties were experienced during the compounding of some 
| grades resulting in large deviations from nominal fibre contents.
3.3.2 Fibre length measurement
The original fibre lengths were 3mm for fibre code A and C; 
and 4.5mm for B code fibres.
Tne fabrication process reduces these starting lengths over a 
wide range. The FLD’s of the burned-off fibres were measured 
using two approaches.
i) Optical measurement. The fibres were suspended in a 
solution of methanol 10$ and water 90$ and the resultant 
slurries spread onto microscope slides. Fields of view 
containing approximately 200 fibres were photographed using 
transmission optical microscopy. Tne photographs were enlarged, 
together with a calibration graticule which was exposed on the 
photographs in the darkroom process (Fig.3.3.2). These 
photographs were then analysed by using an Apple lie 
microcomputer equipped with a graphics tablet. Six hundred 
fibres were counted for each material with average lengths and 
standard deviations calculated using Apple software. Tne Apple 
computer was interfaced to the University of Surrey PRIME
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mainframe computer which was then used to display the
information as histogram plots (Figs.3.3.3 - 4).
However, this technique is indeed labour intensive, allowing 
only few fibres to be measured. Schweitzer (32.) suggested that 
2000 fibres should be measured for a representative sample. 
This suggestion is supported by the degree of irreproducibility 
in these results. Part of the inconsistency was due to the 
sampling technique, which firstly relies on representative
samples in the burn-off samples and secondly, on a
representative field of view in the microscope. Fines, i.e 
fibres of short length, were found to segregate towards the 
outer region of the fibre slurry deposited on a microscope 
slide, whereas the long fibres remained in the central region, 
thus giving rise to vastly different FLD’s (see Fig.3.3.2).
Consequently, alternative measuring techniques were 
investigated. Existing particle size measurement methods are 
limited because they are either restricted in their length 
range, eg. the Coulter counter, or they cannot accommodate 
large aspect ratios, eg. the Fischer subsieve sizer. (Glass 
fibres in SFRN’s are of large length distributions - 20yUm to
4.5 mm - and consequently large aspect ratio.) Also, the fibres 
themselves are extremely difficult to handle - the fines become 
airborne very easily, and the long fibres are easily broken.
The Malvern laser particle sizer is a technique which held 
promise, since it is capable of measuring small particles, 
sampling large numbers of particles, and holds them in 
suspension during its operation. Fig.3.3*5 illustrates the 
mechanism of the laser measurement. Tne laser passes through a 
suspension of particles and becomes diffracted. Tne angle of
Page ' 94
diffraction is proportional to the inverse of the particle 
diameter. Tne laser light, once diffracted, is focussed by a 
transformer lens onto a semi-circular compound photodiode 
detector. Tnis signal is then amplified and statistically 
analysed. Two sampling techniques were used: firstly, with an
isolated cell containing a suspension which was magnetically 
stirred; and secondly, with a recirculating system 
incorporating a pump. Tne latter has the advantage of 
ultrasonics to break up any aggregates, but could give rise to 
further fibre attrition. Typical ffibre length distributions' 
obtained from this technique are shown in Fig.3.3.6.
It became apparent, however, that these results were also 
unsatisfactory because of the following effects :
1) A peak arose as a result of the fibre diameter;
2) Secondary effects (distorting the FLD) such as:-
a) The log scale detectors - make it difficult to cope with 
wide FLD's.
b) Secondary diffractions - many particles in the beam at one 
time cause multiple diffractions which distort the results to 
smaller lengths.
c) Partial diffraction - particles which are on the edge of 
the beam induce false diffractions. Again the results are 
distorted towards smaller lengths.
d) The refractive index of glass is approximately the same as 
for water. Tne surfaces of the glass fibres do not diffract the 
light efficiently.
e) The light is diffracted by the projected orientation of 
the fibres.
These factors which distorted the results towards the small
Page 95
fibre lengths resulted in the technique being abandoned for FLD 
measurement.
The pursuit of a technique for measuring FLD’s accurately and 
quickly led back to image analysis. In the past, image analysis 
of sufficient numbers of fibres in one field of view has been 
fraught with problems. Tne transparency of the glass fibres 
causes problems, and more importantly the distinction between 
fibre which cross have been major hurdles. These problems have 
now been overcome by the image analyzer manufacturers. 
Unfortunately, this development occured too late for this study. 
Tne data presented (Table 3.3.3) was therefore obtained using a 
manual approach from 600 fibres for each material.
3.3.3 Optical microscopy
Structural examinations were carried out using a Zeiss 
microscope and an Olympus stereoviewing microscope.
In order to obtain good images at high magnifications, the 
' specimens were prepared with the main emphasis on the production 
of a level surface free of defects and artefacts. Traditional 
polishing methods were employed ie. silicon carbide papers 200, 
400, 800, 1200, 4000 followed by diamond pastes, 6/^m and 1 yum.
Tne specimens were mounted in a room temperature cured polyester 
resin, in order to avoid temperatures effects associated with 
hot-curing bakelite mouldings. They offer the additional 
advantage of transparency.
In these materials organic solvents can dissolve the
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matrices, and form a 'swollen' surface which produces poor
surfaces. Tne nylon 6.6 glass composites were readily polished
using manual or automatic techniques. However, preparation of
rubber toughened composites proved more difficult. Polishing
composites in which a very hard material (glass) is present
together with a very soft material (rubber) has always posed a
problem. Typically, the specimen adheres to the polishing wheel
as it turns; this 'sticking' results in the deterioration of
the surface due to two processes : Firstly, the rubber is
removed and smeared across the remaining surface, and secondly,
the fibres are broken up and tend to scratch the surface. Both
problems arise as a result of poor lubrication; to some extent
the quality of the polished surface was improved if the
mechanical movement of the specimen on the polishing wheel was
limited to the rotation of the wheel alone, with the specimen
held firm. This technique produced a partially good surface,
with debris moved onto one side of the specimen. Fig.3.3.7a
illustrates this phenomenon, taken using scanning electron
microscopy. ' -
In this micrograph there appearsto be a layer of polishing debris
which is uniformly coating the surface - providing a poor surface for
inspection. Improvement of the choice of lubricant did however,
overcome the problem. A dilute detergent solution (Teepol) provided
sufficient reduction in friction to produce well polished surfaces
(e.g. Fig.3.3.7b) and also enabled automatic polishing to be
I employed.
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3.3.4 Reflected light microscopy
Optical microscopy of a polished surface was used to obtain 
structural information. However, the contrast between the 
individual phases was not conducive for photographic recording, 
since the glass fibres and the nylon matrix both appear white 
when reflecting the light source. A considerable light 
intensity is also lost through transmittence, as glass is 
transparent and the nylon is translucent. Contrast was improved 
to some extent by the use of a green filter for black and white 
photography. (see Fig.3.3.8)
Polarised microscopy
The contrast can be enhanced considerably by using crossed 
polarisers. Tne interface between the fibres and the matrix 
becomes more distinct when viewed under these conditions.
This can be seen in Figs.3.3.9 and 10 which shows through 
sections of nylon 6.6 mouldings.
Nomarski differential contrast microscopy
The enhancement of contrast due to the crossed polarising
filters can be further improved by introducing a! Wollaston
/
prism into the light path. This technique is particularly 
useful for resolving different phases, which are not apparent 
by other methods. Tne microscope is first set up to provide
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extinction of the reflected image under polarised light using 
a standard lens. Tne lens is then replaced by one containing 
a Wollaston i prism. The extent of diffraction is adjustable 
in these lenses, and an optimum image can be selected for 
emphasizing particular features.
This technique was used to study crack propagation and showed 
interesting microstructural features in the matrix. (Figs.3.3.12 and 
13 illustrate differences between nylon 6.6 and rubber toughened
grades which is due either to the rubber particles themselves, or
their effect upon the nylon crystallite size. The technique is most 
suitable for colour photography because of the diffracted images,
althogh some improvement is also attained in black and white
3*3.5 Fibre orientation effects
Optical microstructural techniques were further employed to 
identify fibre orientations within the specimens. This enabled 
the structural peculiarities to be ascertained with regard to 
fibre orientations at notch tips, through sections and ahead of 
propagating cracks. However, a thorough characterisation of the 
FOD was not carried out.
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3.3.6 Crack propagation
 Toughness test-pieces were partially fractured, and then inspected after
mounting and polishing. Tne compact tension fracture toughness 
specimens were particularly well-suited for this purpose. 
Stable crack growth was interrupted for microstructural 
examination by sectioning. The cracked specimens were 
investigated using the optical techniques described above
(Figs.3.3. 11 to 14).
In this way the fibres and structure at the crack tip was studied>
3.3.7 Dye penetration
To supplement the crack propagation studies, the polished 
specimens were subjected to a dye penetrant. Testpieces were 
inspected after removal of the excess dye - and again after 
repolishing. It was noted that the dye not only penetrated into 
the crack, but also along the debonded fibre interfaces 
(Fig.3*3.15). As a result, the technique became very useful, 
both for enhancing the crack path for photographic records and 
also to enable fibre damage to be assessed. Some dye was 
observed to penetrate into stress-whitened regions of the matrix 
(Fig.3.3.16), indicating that this effect was associated with 
void formation or debonding in the nylon matrix. Tne technique, 
by definition, can only give an indication of debonds, cracks 
and voids which are connected to a free edge, and closed 
porosity will not be dyed at all.
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3.3.8 Measurement of the process zone radii
The damage distribution associated with creating a crack 
through a material is also of interest, since this zone is 
undoubtedly intimately related to fracture and toughening 
mechanisms.
Tne size of the plastic zone may be calculated from the Brown 
& Srawley equation :
Microstructural observations were made using the dye penetrated 
specimens, but were found to underestimate the dimensions of 
’process' zone in rubber toughened nylon grades.
3.3.9 Transmission optical microscopy
Specimens were prepared by polishing two surfaces of compact 
tension test-pieces. As a result, the central region could be 
examined. Tne ultimate thickness of the polished transmission 
specimens was dependent upon the degree of translucence of the
material; so for high fraction rubber and/or glass fibre
specimens the thickness required for transmittence was lower.
Low magnification micrographs were made of the range of 
materials (I1-9» 1110-22) and the dimensions of the process
zones were measured (Figs.3.3.17 and 18).
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3.4 Electron Microscopy
Scanning electron microscopy (SEM)
Fracture surfaces were studied using scanning electron 
microscopy, because of the excellent depth-of-field associated 
with this technique. Tne technique also demands little specimen 
preparation. Fractured specimens were bonded to conductive 
aluminium studs, which seat on the microscope stage, ensuring 
good electrical contact. Because of the non-conducting nature 
of the materials under study, the specimens were first gold 
sputter coated for three minutes. A ’Dag' conductive paint was 
used as a contact between the sputter coat and the aluminium 
stud. Tne good electrical conductivity of the specimens promote 
good imaging in the microscope and electrical 'charging* of the 
specimen was therefore avoided. It was also found that images 
could be obtained without sputter coating by using extremely low 
accelerating voltages (1kV). However, there was a limitation to 
the magnification possible because of the low signal to noise 
ratios obtained. This was unfortunate, since the aim of 
studying uncoated specimens was to eliminate the details due to 
the sputter coat morphology observed at higher magnifications.
Tne microscope used throughout this work was a Cambridge 
instrument S250 stereoscan electron microscope, at an 
accelerating voltage of 20kV (for sputter coated specimens).
Fracture specimens were examined in order to establish 
fracture mechanisms, fibre pull-out, and matrix failure modes.
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Polished surfaces, which had been inspected by optical 
techniques were also investigated.
The micrographs of the fracture surfaces are illustrated in 
Figs.3.3.19 to 34 and show both matrix and fibre pullout mechanisms 
which are discussed in Section 4.3.3.
Phase segregation investigation
As part of the structural investigation, it was necessary to 
establish a technique which differentiated the rubber particles 
from the nylon matrix. Other workers (29»28) have used 
transmission electron microscopy to characterise the rubber 
dispersion. This approach was followed and is described in the 
next section; however, TEM was not successful chiefly because 
of the difficulties arising in specimen preparation.
An alternative route wa3 sought to establish the location of 
rubber in glass reinforced rubber toughened nylons. Although 
optical microscopy provided some detail which was attributable 
to the prescence of the rubber phase, this was at the limit of 
resolution for this instrument. Consequently, the investigation 
was directed towards 3EM, in which the magnifications possible 
are far greater. Tne proceeding fracture surface analyses had 
revealed differences in matrix appearances - the matrix 
appearing more granular under brittle failure. However, this 
surface texture alone was not evidence for establishing whether 
the rubber particles were dispersed homogeneously.
Etching techniques were used to observe the matrix in finer 
detail. An etching mixture was prepared containing :
30v/v sulphuric acid in 
orthophosphoric acid
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0.5-1.0$ potassium permanganate
(This mixture is extremely oxidising and must be handled with 
care!)
The etched specimen should then be cleaned using the 
following schedule:-
i) 2-3 mins at 23°C in dilute sulphuric acid.
ii) 2-3 mins at 23°C in hydrogen peroxide solution.
iii) 2-3 mins at 23°C in distilled water.
iv) rinse in acetone.
Unfortunately, the technique produced a swollen gel-like 
surface layer, which could not be removed. Although the etched 
specimens were dried out, upon inspection in the microscope, it 
was found that the surface details had been destroyed. An 
alternative approach using Formic acid attempted to remove the 
nylon leaving the rubber particles. This technique showed 
promise in liberating fibres and rubber particles for 
characterisation, but as an etch proved to be of little use 
(Fig.3.3.36).
In his work, Wu (121) used boiling toluene as an etch for 
removing rubber particles from these mateials. Specimens were 
fractured at liquid nitrogen temperatures and then etched. This 
procedure was followed and provided useful information 
(Figs.3.3.39 - 43).
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TEM
An attempt was made to use methods previously employed by 
other workers to examine rubber toughened polymers. However, in 
this study, the preparation of thin slices suitable for TEM
proved to be an insurmountable problem. In unreinforced 
polymers, the OsO^ staining technique developed by Kato (30) 
has been used widely to provide image contrast between rubber 
dispersions and their matrices. Tne staining is successful
because the OsO^ reacts with double bonds present. Tne
OsO^ staining process also embrittles materials, enabling 
them to be microtomed. Glass blades are generally used to
ultramicrotome specimens. This was tried, and was found not 
only damaging to the blades but also provided poor results. It 
was concluded that for the preparation of suitable sections a 
cryoraicrotorae was essential, but was unfortunately not 
available.
Nevertheless, some study was carried out using the Jeol 100B 
and the Phillips 200CX machines. Tne latter was used to obtain 
chemical information by X-ray analysis in order to establish the 
Os-ric'n features in the images. Unfortunately, no real 
conclusions could be drawn from this work.
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RUBBER NYL0N6.6 GLASS FIBRE
Figure 3.1.1 A FLow diagram showing the Fabrication 
routes For the materials tested.
Figure 3.1.2 The extrusion operation/ the equipment 
(at IC I) including the tlPtl extruder> 
the water bath and the haul-oFF and 
pelletising machinery.
Figure 3.1.3 The double-gated plaque moulding 
From which tesl-pieces were machined.
Figure 3.1.1 An X-radiograph oF a disc moulding.
The disc was direct dry-blend injected 
and poor Fibre dispersion was observed.
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Figure 3.1.5 The range oF moulded testpieces and 
their number codes.
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Figure 3.1.9 The range oF testpieces machined From 
the double-gated square plaque 
moulding. The number codes are shown.
Table 3*1,1
The
CODE
No.
11
12
13
14
15 
IB 
17 
IB 
19 '
1110 
I I I 1 
I I I  2
1113
1114
1115 
II1B
1117
1118 
I I 19 
1128 
1121 
1122
123
124
125
tlATRIX FIBRE
885
6.6
6.6
6
6.6
6.6
6
6.6
6.6
6.6
type
range oF Polyamide/glass Fibre compositions 
used in this investigation
FIBRE RUBBER 
Fraction type 
(?.vol)
18 
15 
15 
15 
7 
7 
7 
18 
38
6.6
6.6
6.6
6.6
6.6
6.6
6.6
6.6
6.6
6.6
6.6
6.6
6.6
6.6
6
6.6
A
A
A
A
A
A
A
A
A
A
A
A
A
A
A
A
A
A
A
8
8
8
38
38
21
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18
18
8
8
8
38
8
8
8
EPD/1
EPDH
EPDH
MEP
HEP
MEP
HEP
HEP
HEP
HEP
HEP
HEP
HEP
HEP
HEP
HEP
EPDH
RUBBER
content
(Zwt)
8
8
8
28
8
0
28
28
8
5
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5
18
28
5
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28
5
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28
28
8
8
28
S1 6 C 15 -
S2 6 C 25 -
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Figure 3.2,1 Typical stressestrain responses For two 
materials. The measurement oF a 1% 
secant modulus* the strength and the 
strain-to-Failure is shown.
Figure 3.2.2  The acoustic emission transducers in  
position on a testpiece, with the
extensometer in
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Figure 3.2.15 Notch sensitivity. The Notched strength 
ratios are plotted.
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Figure 3.2.20 Compression test results.
The melt Flow is in the '3' direction.!
(according to Fig.3.2.1$),
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Figure 3.2.21 Compression test results.
The melt FlOWt is in the '2' direction.
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Figure 3,2,22 The degree oF anisotropy in the plaques. 
The ratio  oF the yield stresses shown in 
Figs,3,2,28/21 is plotted. The greatest eFFect 
is  observed at low VF*s,
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range oF tests show the superiority oF the 
rubber toughened grades.
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Figure 3,2,27 and 28 contain data For the whole range oF 
precompounded materials. The energies measured 
parallel and normal to melt Flow have error bars 
less than 5kJ/m ,
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Figure 3.2.29 These results are the average energy oF the 
two test orientations shown in Fig.3.2.27/28.
(The error bars increase with rubber content and VF>.
Figure 3.2.30 The anisotropy ratio plotted For the Charpy 
key;- test. The relationship appears to be proportional
to the Fibre content.
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Figure 3,2,31 The test apparatus used For the IFVIT test, 
(taken From HooLey etal(116>)
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and total Failure energies.
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Figures 3.2.33 and 34 IFtflT total Failure energies.
The open symbols represent the tests carried out with an impact 
speed of Sms*^ , the full symbols correspond to tests carried out with
an impact speed of 5ms
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Figure 3.2.39 and id Crack initiator energies measured 
From staircase energy threshold tests.
The crack initiation resistances converge 
between grades.
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Figure 3.2.ii The Double-notch tension test results.
The stress intensity Factor calculated From 
Eq'n 3 .3  illustrates a greater dependence 
on strength than toughness.
-rrrj- T
8 ?LOCALISED D A M AGE-
D
a
V
>
Figure 3.2,42 Three point bend test geometry.
There are two mechanisms which Led to experimental 
. difficulties. As a result the compact tension 
specimen was used.
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Figures 3.2.49 and 50 Small testpiece tests.
The eFFect oF crack orientation with respect 
to Flow at 23°C.
9 _
-
C5 R -
CL
2Z -
7:
L. i
n J
-p
u -J
o *
Q_ 5 :
zn ■
p -
• rH
10 -
c ~
Qj 3 -
P
C -. rH
2 :
10 -
10 _
Qj 1 -
i-
P -
10
8 4
STRESS INTENSITY FAPTORS
i 1 : l ! I ; : M  I 1 ! I i i i . ■ i i I i i ! i t i t ■ i i i t i ■ i i I ; i t i ■ i . i i
Fig.3.2.50 0
/
v /
 7 /
* ° /
/
///
S  o
c r a c k  n o r m a l  t o  f l o w
small qeomet^u (23"C •
* I -'coded materials 
(TP 11) machined roughly
“P  ] i i i i i i ; ■ i j . i i ■ | i . i , | t i | ) | ; i i-i-j , { i : ; ; ] i i | . i i ) i : i i I j
0 5 10 15 20 25 30
Fibre Fraction (^volume)
-  9. 
e 8.
CL
5Z
~  7j
c
° cP  b.
u
b
^  5.
^ 4 .
in
c
5 3 -
c
STRFSS INTENSITY FACTORS
I  1 1  I  l l  H I
Fig.3.2.51
in
in
t 1
in 0:
o a
-  -cr 
HIT'v
h T
. 4-0'
*
2 j  c r a c k  n o r m a l  t o  f l o w  * * * * -
small geometry (50 C)
'I-'coded materials 
(TP 11) machined roughly
■ rm-rrrri-f .-t t'i r n  t v -.v t— ,-ri-p iTivrH'f:
0 5 10 15 20 2 5  30
Fibre Fraction (^volume)
Figures 3.2.51 and 52 K measured at *58"C.
These results compare with Figs.3.2.49/58 and 
53/54.
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Figures 3.2.53 and 54 K measured at -50°C. 
c e y These results show the most dramatic increases 
o jjjiy? -.s ,n toughness with the addition oF Fibres.
^  5 3 : * t f t E P R T N y  I  o r £  „ 6  
u  1 B ^ M E F R T H y L o n G . 6  
*  2 0 ^ 1 F P R T N g l o r £ . G  
v  t  o r  £ .  G
8  N y l o n S
STRFSS INTFNSTTY FAnriRc
8
:
<3 8 -
CL
2Z -
7 :
L.
“
n -
-p b :
u -
c> -
Cl 5 :
zn
- p
* P 4  :
in i
c
a»
-p
o  -
■u _
c -J
• -p
2 d
in -
in .
Qj 1 :
L _
-P
m
0 :
*  « * » *  ■ * 1  ?  h  i i - i  t  i - i  ’ : i  » - ' < ?  »
Fig.3.2.54 s' /
s'.V /
/
/
/
/
/
/
/
*  o
/
/
V
c r a c k  n o r m a l  t o  f l o w
smo.U geometry ■
' I - ' c o d e d  m a t e r i a l s  
( T P  1 1 )  m a c h i n e d  roughly
0 5 10 15 20 25 30
Fibre Fraction (kvolume)
r 60
E
2 5 5 i
r 50  j
Qj
S35j
CL;
d»30-
?20J
CL;
S15^
c10i
KEY:- ® 5 i
0 NylonP.G i/i 02
*  5^^tMEPRTMy I on£ „P 0 
D 1 S^£pRTNylo?-?3.8 
A 23X1EPRTPytor£ .B 
v 23^D;1RTNylor£.S 
12 K'ylonS
STRAIN ENERGY RELEASF RAT
I I I ■ ' 1 1 " I I " I I I ' I ■ " I 1 ^ I 1 1 I 1 I I 1 : ■ ! I ’ I I - ’ I I I 1 1 1 1 ! 1 1-1 ; -i-
c r a c k  p a r a l l e l  t o  f l o w
' I - ' a n d  ' I I - 'coded  materials
(TP 11) machined accurately 
\
\ v
V
V.
X,
\ v
v °—
’N > . ________ .
V ••
A
o
Fig.3,2.55
it itt n—i | i i ii i i ii i j . i i i i—n i |T m  r "rrr: [ v? —. ■ i i i | . m i n .—rp
5 10 15 2 0  2 5  3 0
F i b r e  F r a c t i o n  ( ^ v o l u m e )
Figures 3.2.55 and 55 Strain energy release rates (6) 
For large testpieces. Similar trends are 
observed For both orientations.
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Figure 3.2.57 Avenge 6 values taken From Figs.3.2.55/58.
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Figure 3.2.58 6 values calculated From Equation 2.46 
The toughness oF the matrices is less marked. 
i!yur£.e Relative magnitudes oF 6 values are quite diFFerent.
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Figure 3.2.59 and 60 The size oF the plasic zone (calculated 
From Eq'n 2.47 ) indicates that plane strain 
conditions are not observed at very low VF's.
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Figure 3.2.61 and 62 The plastic zone dimensions show that the 
Fibres restrict the damaged volume to a constant value.
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Figure 3.2.63 The Dual Beau Cantilever specimen, and 
the test methodology For the varying the 
strain-rate.
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Figure 3,2.64 The test configuration for the notch disc
testf in impact and stow rate tests. The analysis 
is simplified, but only applies for the range shown.
Table 3.2.1
POISSON RA TIO MEASUREMENTS
Code Formulation Poisson r a t io
11 17.92N6.6 0 .40
12 13.3ScVFN6.-6 0 .39
14 1 2 .12XVFRTNS.S 0.41
15 S.SSy.VFNS.S 0 .39
17 7.54SCVFRTN6.6 0 .3 5
18 17.012VFRTN6.6 0.44
IS 30ZVFN6.6 0 .46
Table 3.2.2
A COMPARISON OF TOUGHNESS DATA 
USING MATERIALS 12 and 14.
Parameter 12 (13.32VFN6.6) 14 (l2.mFRTN6.6)
K (3pt-bend) 7.46IPa/m 9.21HPa/m
K (CD 1.S7HPa/m 2.51tPa/m
Charpy energy 5.85kJm~2 27.7kJm2
G(CT) G.57kJm~2 1G.76kJm2
IFVIT (to ta l) 7.S2J 20.5J
IFVIT (in it'n ) 1.4SJ 4.83J
IFVIT (staircase) 0.85J 1.18J
MATERIALS ABBREVIATIONS:- 
N6.6 = NYLON 6.6 
N6 = NYLON 6
RTN6.6 = RUBBER TOUGHENED NYLON 6.6
Table 3.2.3
NOTCHED DISC FRACTURE TOUGHNESS 
RESUL TS
Parameter 12 (13.3WFN6.6) 14 (12.12VFRTN6.6)
0 45 90 0 45 90
K(impactX4FbJh9.3 9.0 6 .8  14.t 11.6 13.7
G( impact )kJrn134.4 34.0 34.0 57.7 59.8 53.8
K(siow) 5 .8  5 .2  5 .6  7.6 6.1 7.3
G(sLow) 27.5 23.3 24.1 56.0 49.2 43.4
rp (impact)mm 0.54 0.50 0.29 0.93 0.63 0.88
rp (slow) 8.21 0.17 0.19 0.27 0.18 0.25
Table 3.2.4 Double-notch tension tests For three
precompounded materials, 
llttterial cTJIIPa) dJtlPa) NSR K (UPasm)
t
12 159.2 92.7 0.58 8.77
13ZVFN6.6
14 118.7 82.1 8.74 0.69
12ZVFRTN6.6
19 218.6 111.6 0.51 1.81
38ZVFN6.6
Table 3.2.5
Comparison oF Charpy energy to toughness 
contributions From pull-out and stored energy.
tlaterials ckJtlPa) E (GPa) U J x Ik 'j)  Up(x103) Charpy (xW'3J)
12 92.7 7.8 91.8 227.5 225.6
13ZVFN6.6
14 82.1 5.7 98.5 210.0 927.0
12ZVFRTN6.6
19 111.6 13.9 74.6 525.0 369.0
38ZVFN6.6
A =  D.x
crack initiation
propagation 
nergy
Figure 3.2.95 Fracture toughness analysis oF the Force/ 
displacement response of notched discs.
Figure 3.3.2 Fibre length distributions.
These photos show the Fibres aFter bum-oFF, 
in supension, by transmitted light.
The two dispersions are taken From the same 
suspension in diFFerent Fields oF view.
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Figures 3.3.3 and 4 Fibre length distributions taken From 
manual measurements.
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Figure 3.3.5 The tlaivem Laser particle sizing technique. 
A schematic diagram oF the apparatus.
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Figure 3.3.6 Fibre Length distributions.
Using the tldlvern laser technique<
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Figure 3.3.8 An Optical micrograph
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Figure 3.3.9 The Fibre orientation distribution through the 
the thickness oF a Charpy specimen. (NyLonS.6)
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Figure 3.3.18 Fibre orientation showing sheath and core in 
a rubber toughened composite.
Figure 3.3.11 Crack propagation in NyLonG.6.
Figure 3.3.12 Evidence oF rubber particles in the matrix
using Nomarski DiFFerential Contrast microscopy (bDCfl).
Figure 3.3.13 NDCfl used to observe crystalline eFFects in 
NylonS. G.
Figure 3 .3 .f i  Crack propagation
Figure 3.3.15 Crack propagation in NylortS.6 using
a dye penetrant. 
taken of the same region as the one above 
using crossed polarising F ilte rs .
Figure 3.3.16 In Rubber toughened Nylon6.6 the due 
penetrates a wider region, as illustrated
by the lower (crosse
Figure 3.3.17 Process zone measurements.
0V.RTNYLON6 .6 
vf = 0 measured From 
transmission i
20 % R T N Y LO N 6 6
NYLON 6.6
5 mm
single in itia tion  site  is  observed\
Figure 3.3.19 An electron micrograph oF crack in itia tio n  
oF NylonG.6 under impact.
Figure 3.3.22 Rubber toughened nylonS.6 Fails in a diFFerent 
mode to the NylonG.6 (F ig.3.3.19). There is  multiple 
crack initiation.
Figure 3.3.18 Plastic zone measurements.
The empirical data is  compared with the calculated 
values.
Figure 3.3.22 Rubber toughening causes the transition
to ductile Failure
20 K V
Figure 3.3.23 Dry-bl ended materials contain longer Fibres 
which are less well dispersed. In this micrograph 
a Fibre bundle which has been pulled-out can be seen.
Failure in a
Figure 3.3.28 Rubber toughened nytonS.G composite in slow Fracture. 
The in itiation and propagation From the notch
Figure 3.3.25 The rubber toughened composites also exhibit a 
matrix b r itt le  Failure in impact.
The Fibres are pulled-out with thick layers oF 
adherent matrix.
v
Figure 3 .3 .2 i
composite. The matrix has Failed in a b r itt le  way 
and there are pulled-out Fibres.
/J*\E\ 
21 K V40HM
Figure 3.3.28 Slow Fracture oF a 13kVFNylon6.6 at 58°C. 
Some due
Figure 3.3.29 A single Fibre pull-out in an ultra low VF
material (NylonS.S -impact). The Fibre is *clean .
Figure 3.3.27 The Fracture surfaces oF rubber toughened materials 
in slow Fracture tests exhibit pronounced matrix 
ductility. The Fibres have pulled-out cleanly.
Figure 3.3.32 The thickness oF
in a 28% rubber nylonS.6. (Impact)
Figure 3.3.31 The chopped strand g__
'Finish' can
Figure 3.3.30 The maximum ext
Fibres embedded in
im p act P r n r i j j r *  cu n P n re )-
10% Rubber
Figure 3.3.33 Sheath thickness
5% Rubber
Figure 3 .3 .3 i Sheath thickness at 5%NylonS.6 (Impact)
m
• * t
Figure 3.3.35 An etched surface inspected in the SErt. 
This unsuccessful etch did reveal rubber 
particles$ but destroyed the surface details.
Figure 3.3.3G Isolating the rubber particles From the
matrix. The particles appear to have an aFFinitg 
to the Fibre surface.
20K V
20K V
Figure 3.3.37 The etched rubber particles at higher magniFication.
20K V
Figure 3.3.38 An unreinForced RTNylonS.G Fracture under 
impact conditions at liq. Nitrogen temperature.
2 0 K V
Figure 3.3.33 The sane Fracture
toluene. The rubber particles are dissolved and 
leave etch pits. (techn Vu
Figure 3.3.i0 This ductile Fail
material shows the par
(toluene etched)
Figure 3.3.ii The toluene etch was used to show that the
sheath was not segregate
pits are observed in the sheaths. There is also
evidence oF local she
20K V  0 4  U 13 3
......... 1
'
1UHM 2GKV 0 4  0 1 4
I
Figure 3.3.42 A view From above a sheathed Fibre. The etch 
has not revealed a layer at the interFace.
Figure 3.3.43 A polished then etched rubber toughened 
material also shows no evidence oF phase 
segregation at the Fibre/matrix interFace. 
The rubber dispersion appears to be uni Form.
Table 3.3.1 FIBRE FRACTIONS FROtl BURN-OFF 
CONFIRMATION
CODE VF (2 ) VF C4>
11 32.68 17.89
12 25.47 13.30 i
13 22.54 11.55
14 24.41 12.12
15 14.29 6.96
16 14.07 6.85
17 16.04 7.54
18 32.47 17.04
19 49.37 30.44
1113 48.88 29.84
1114 49.35 30.24
1115 35.66 19.78
1116 17.73 8.75
I1 17 35.38 19.59
1118 28.74 15.21
1119 32.95 17.94
11 20 17.78 8.78
1121 8.57 4.00
1122 48.66 29.66 1
Table 3.3.2
INTRA- TESTPIECE VOLUME FRACTION 
CONFIRM A TI ON
Portion VF ( 2 )
A
B
C
0
E
25.74
25.74  
25.79  
25.77  
25.82
VF ( 2 )
13.46
13.46 
13.49 
13.48 
13.51
Mean = 13.482
9td.Dev = 0.0212
Figure 3.3.1 The variability oF Fibre Fraction within 
testpieces. The tensile bar (TP No.5) was 
sectioned and the resultant Fibre Fractions 
are tabulated.
(all % levels refer to fibre volume fractions (Vf) actually 
measured by ashing. These values differ from those used in Table
3.1.1 which are nominal Vf's)
Table 3.3.3.
MEAN FIBRE LENBTHS
Material Composition FLDx
code (mm)
Precompounded Materials
11 182VFN6.6 0.206
12 13ZVFN6.6 0.132
14 12ZVFRTN6.6 0.224
15 72VFN6.6 0.218
17 72VFRTN6.6 0.277
18 18ZVFRTN6.6 0.222
Direct-injected dry-blended Materials 
SI 142VFN6 0.111
82 252VFN6 0.103
S3 5ZVFN6.6 0.242
Si 112VFN6.6 0.161
S5 14ZVFN6.6 0.138
S£ 13ZVFN6.6 0.171
57 52VFRTN6.6 0.381
58 I5ZVFRTN6.6 0.227
S3 18ZVFRTN6.6 0.250
These values are number averages.
4 DISCUSSION OF RESULTS
4.1 Processing
The commercial materials, and those produced at ICI by extrusion 
precompounding and injection moulding on full size machinery, were 
of good quality. This is shown in the mechanical tests. 
Variability is acceptably low but the measured properties are 
strongly dependent upon the flow induced orientation. Tne 
materials produced by dry-blending with small moulding machinery 
are of lower quality than those extrusion precompounded. Tne 
mechanical tests indicate that the variability of these materials 
is greater. There is also evidence of poor fibre dispersion which 
can be seen in Fig.3»1*^» although properties are also clearly 
affected by fibre lengths, orientations, and possibly molecular 
orientation and crystallinity effects. It has therefore not been 
possible to fully characterise the range of materials tested.
Tne property dependence upon the production route means that 
great caution must be exercised when comparing test data from 
different types of moulding or orientations of test-piece.
We may conclude that the processing conditions chosen were 
adequate and that the test data is not unduly affected by 
variability during processing.
Tne fibre length results presented in Table 3.3*3 snow that in 
the precompounded materials, the average fibre lengths were very 
similar. This suggests that the mechanical properties may be 
compared between matrices with confidence. However, from the
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direct injection dry-blended materials it can be seen that some 
trends emerge. Tne fibre attrition appears to be more severe
firstly, as the fibre fraction increases, and secondly, as the 
matrix melt viscosity falls; i.e RTNylon 6.6 causes less fibre
breakage than does Nylon 6.6 or 6.
4.2 MECHANICAL TESTING
An overview of the effect of additions of glass and rubber is 
given in Fig.4.2.
4.2.1 Tensile results
The tensile properties of the commercial (and equivalent) grades 
for moulded test-bars correlate well with the published data (122).
Relationships between the stiffness, strength and fibre 
fraction agree with earlier published data. Tne stiffness is 
proportional to fibre content,(Lees (123)» Bader etal (3)) and 
the strength behaviour is non-linear (Collins (102), Lees 
(124)). There is a reduction in the strain-to-failure with Vf 
(Curtis (108)t Collins (102)).
The tensile properties of moulded specimens are superior to 
those cut from plaques due to tne greater degree of fibre 
alignment. These results also show that higher strengths and 
stiffnesses are observed when the stress is applied parallel to 
the flow direction.
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The degree of scatter in the moulded test-piece results is 
also smaller than for those machined from plaques.
The convergent melt flow in the moulded dumbell test-pieces 
induces a high level of fibre alignment in the test direction. 
These test-pieces are therefore stiffer and stronger than those 
machined from plaques where the degree of fibre orientation in 
the flow direction is less pronounced. The moulded test-pieces 
would, of course, also be more: anisotropic. However, the flow 
pattern into the plaque is more variable leading to a higher 
degree of scatter (see 4.1 )# -pne dry-blended materials
(’S-’coded), which were moulded into different tensile test bars 
(ASTM) although generally weaker, show similar behaviour in 
terms of absolute values and rates of stiffening by 
reinforcement.
Rubber additions in the range 5 to 20% progressively reduce 
the stiffness of both the nylon 6.6 matrix and the 
fibre-reinforced grades (Fig.3.2.4). The tensile strength vs. 
fibre fraction plots are non-linear for all materials, and are 
lower in proportion to the rubber content. This is a 
consequence of two mechanisms which bring about embrittlement 
and control the tensile failure mechanisms. The first of these, 
reported by Sato etal (101), proposes that debonding is 
initiated at the fibre ends of oriented fibres, whilst 
misaligned fibres were observed to be more prone to debond along^
their interfaces. This is illustrated in Fig.4.3.
The second embrittlement effect was observed by Collins (102), 
who showed that matrix cracking results from the fibre end debonding, 
giving rise to penny shaped cracks from which brittle failure of the 
matrix subsequently initiates. These effects combine to reduce the
strength in tension; the
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result is that the tensile strength deviates from a linear 
relationship between strength and Vf; the proportionate 
strength deviation is greater at higher Vf.
In the range of tests conducted, the moulded specimens 
exhibited superior strength over those produced by machining. 
This may be accounted for by the anisotropy argument which was 
used to explain the differences in stiffness properties. In 
addition, during injection moulding the mouldings undergo 
differential cooling. In the mould the skin solidifies and is 
subsequently constrained in compression by the shrinkage 
occuring when the core freezes. The final state is therefore 
that the core is in tension and the skin is in compression. In 
moulded test-pieces, this effect is accentuated by the fibre 
distribution brought about in the dumbell mould. In the skin 
region the fibres are aligned parallel to the flow direction and 
consequently have a much lower coefficient of expansion than the 
core in which the fibres are normal to the flow. In the 
machined test-pieces on the other hand, the ’sandwich1 is 
exposed at the free edges. This compressive layer will suppress 
crack initiation at the edges, and hence improve moulded tensile 
properties and reduce scatter.
Up to 0.2Vf, the fibres strengthen the matrix in high rubber 
grades, whilst beyond this value the strength actually declines. 
This observation suggests that the rubber particles play a very 
significant role in interacting with the stress fields existing 
between the fibres in a strained SFRTP composite. Associated 
with this effect, the rubber toughened specimens undergo a 
pronounced stress whitening effect beyond 2% strain. It was 
thought that this damage accumulation might be resolved by using
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acoustic emission (AE) testing which could then be compared with 
AE traces of materials containing similar fibre fractions but no 
rubber. A general pattern of acoustic emission was established; 
an onset of acoustic events occured at low strain (0.5%), which 
rose to a plateau at approximately 1% strain (see Fig.3.2.2). 
This effect occured prior to the catastrophic accumulation of 
damage which initiates at ~2.5% and increases exponentially to 
failure. These observations were made for all fibre-containing 
materials, irrespective of their rubber content or processing 
route. However, the plateau did not correspond to any obvious 
event on the stress/strain curve, and could not be attributed to 
any macrostructural phenomena observable during the test, such 
as stress whitening. The most probable explanation for this is 
that the AE trends correspond to two stages:-
i) Debonding occurs with some penny-shaped cracks. This 
corresponds to the low strain plateau.
ii) The growth of the penny-shaped cracks into the matrix.
The strain-to-failure measurements indicated that the fibres
embrittle the matrix. Tne rubber-containing materials which 
have an inherently more ductile matrix, however appeared to be 
more severely embrittled by fibres, giving rise to similar 
failure strains between all materials at higher fibre fractions. 
On the other hand, the failure strains of the nylon 6.6 
composites were almost independent of fibre content (Vf 0 - 
0.3 ).
Fig.3.2.12 shows how the rubber increases the ductility of 
the composite at low Vf’s, but at high Vf’s the ductility falls 
to similar values to the nylon 6.6. This observation suggests 
that the rubber toughening process, which increases the matrix
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ductility, competes with the embrittlement associated with fibre 
reinforcement. An interesting observation is that the failure 
strain never falls below 2% for any test-piece/material 
combination. At the higher fibre loadings, the failure strain 
is similar for all matrices. Tne balance (between fibres and 
rubber) could lead to this constant strain value beyond 0.2Vf.
Double-notched tensile tests, which were performed in
parallel to the unnotched tests using the dry-blended materials
(’S-’coded), illustrate some interesting trends. Tne strengths
were reduced for the nylon 6.6 materials, but increased for the
rubber containing materials at low fibre contents. Tne rubber
toughened matrix, which is relatively ductile, usually fails by
’’drawing” - a fracture process associated with general flow.
Tne presence of a notch affects the ability of the material to
flow by creating a stress concentration. An increased strength
arises because yield is suppressed and fracture occurs at a
higher stress level. Tne presence of a fibre brings about a
triaxial stress state within the matrix.____
Triaxial stress limits deformation in the matrix; this more
constrained system is more likely to fracture than yield.
: As the fibre fraction-'
increases, the nylon fracture mode is transformed from ductile 
to brittle. Tne reason for this is associated with the complex 
triaxial stress fields brought about by the fibres which induce 
microdamage. In other words, the fibres act as internal 
notches. This phenomenon is well supported by the evidence of 
extreme notch sensitivity observed in the notched tensile and 
impact tests.
The effect of the rubber on the fracture mode is to enhance 
the macromechanism of strain-banding, reported by Collins (102).
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Microcavitation or crazing has also been observed in rubber 
toughened materials by Wu (122). Tne compliance of the rubber 
serves to make the particles act as holes in the nylon. This 
reduces the stiffness and initiates strain-band-type deformation 
by inducing voiding and crazing. In this way, extra energy is 
absorbed during fracture by increasing the volume of material 
which participates around the crack.
4.2.2 Plane-strain Compression tests
This test is advantageous because it allows a yield stress to 
be determined in materials which fracture close to their yield 
stress in tension. It is also convenient for the determination 
of anisotropy. Tne results are given in Figs.3.2.20 and 21. 
Tne plots of yield stress versus fibre fraction are linear for 
all the materials tested. This contrasts with the tensile 
strength data (Figs.3.2.7,8,9 and 10), and indicates that, at 
high Vf, tensile failure occurs before general yield. Tne low 
elongation at failure in tension confirms this observation. Tne 
degree of anisotropy may be assessed by comparing the yield 
stresses, plotted at the two orientations with respect to flow 
in Figs.3.2.20 and 21. These results suggest a very simple 
relationship: The fibres increase the yield stress, whilst the
rubber reduces it. Both effects are approximately linear with
respect to the volume fraction of the phases (the yield stress 
vs. fibre fraction in Fig.4.4) and consequently the yield stress of 
the short glass fibre reinforced nylon may be calculated
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The composi te y i e l d  s t r e s s :
Ovr =  Cv + & . V f + B.V„ , , 4.7yc YN6, fibres K  rubber
where  O i -  =  yield s t ress  o f  neat nylon6.6
yN6.6 7
a , (3 are co ns ta n ts  ^ ?6
(fo r  th/s system) p  ±  -287.6
4.3 Toughness measurements ^'N66
4.3.1 Impact
Charpy
The Charpy test is a quick, convenient qualitative test 
but does not provide data which reflects fundamental 
materials properties or, indeed, is directly useful for 
design purposes. However, the results obtained in this study 
clearly show that the test is not only sensitive to material 
variations but that it is also sensitive to the chosen test 
geometry. This arises because of the inherent limitations of 
the test. Tne test-piece is elastically loaded until the 
stress at the notch tip is sufficient to initiate fracture. 
Tne strain energy stored in the test-piece at this point is 
then available to propagate the fracture. Thus the test is
Page 114
incapable of discriminating when the energy stored prior to 
crack initiation exceeds the energy required to propagate the 
crack. It is only when substantial additional energy is 
needed, that the Charpy test can provide a meaningful 
comparison. It follows that the test is least suitable for 
strong but brittle materials. For such materials, the crack 
growth rate is very fast and uncontrolled. ^As a result, it 
is considered essential that the Charpy test is carried out 
using sharply notched specimens which provide a severe stress 
concentration thus reducing the force which must be applied 
to initiate fracture. In this study it appears that the test 
was, however, capable of resolving the large fracture energy 
differences between the materials. This suggests that except 
for the unnotched tests inaccuracies due to excess stored 
energy prior to crack initiation are not critical. Moulded 
notches are associated with greater resistance to crack 
initiation because of the local flow induced effects at the 
nGtch which strengthen the test-piece.
Machined notches, on the other hand, represent a more
realistic-notch and enable cracks to initiate in a
representative manner. There is always some difficulty in
preparing test-pieces with identical flow induced
microstructures and scatter is therefore relatively high.
However, over the range of materials tested the trends for
both machined and moulded notch are consistent. A sharper
notch appears to reduce the fibre toughening effect. This
may be seen by comparing the results for the three types of
test-piece used (i.e unnotched, moulded notch and machined
notch). ' - .• ; .
(see Figs.3.2.24,25 and 26). However, it should be recognised
that there are additional material and geometry differences which
complicate comparisons. Page 115
The nylon 6.6 composites exhibit decreasing fibre
induced toughening effects as the stress concentration 
increases. Tnis is highlighted in Fig.3.2.26, in which 
unnotched test-piece data is plotted. By comparing the 
unnotched with the notched trends, it is apparent that the 
greater amount of stored energy in the unnotched test-pieces 
has the effect of increasing the fibre toughening effect in 
proportion with the increasing strength and stiffness.
These tests highlight the virtues of rubber toughening in 
the SGFRN’s. The toughness is significantly increased for 
all rubber toughened grades. In contrast, the matrix 
toughness is actually reduced by small fibre additions. Tne 
embrittlement effect (see Fig.3.2.25), which occurs in nylon
6.6 as a result of the inclusion of a small fraction of 
fibres, is more pronounced for the rubber containing 
materials. In fact, as the rubber content increases, the 
extent of embrittlement seems to become more dramatic 
(Figs.3.2.27/28). mis effect may arise because of the
competing influences of the stiff fibres against the 
compliant rubber. However, the fracture mechanisms also
differ between these materials (as will be discussed later).
Tne increasing impact toughness of nylon 6.6 composites 
with fibre fraction cannot be attributed simply to their 
increased stiffness and strength. Fibre pull-out and other 
energy absorbing mechanisms must also be considered.
Inspection of the fracture surfaces Fig.3.3.24 ) confirms 
that this higher toughness may be also associated with
extensive fibre pull-out. m e  matrix ductility is suppressed 
in all materials at high rate's of strain, as may be observed 
in Fig.3.3.25. rubber toughened grade). However, some other
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mechanism of toughening must be operative in rubber toughened 
grades to account for their superior impact performance.
Tne energy required to break a test-piece will consist of 
the strain-energy, plus any other energy absorbing 
processes which resist crack propagation during the fracture 
of the test-piece. Consider a subcritical fibre embedded in 
thermoplastic polymer: A propagating crack, which intersects
the fibre, will cause the fibre to be pulled-out from the 
matrix. Tne energy required to perform this process is 
described by Kelly (49).
were made using the notched tensile and machined Charpy data.
be calculated from the equation used by Bader and Ellis
for l>lc. U.2
Where0^yr= the strength of the fibres.
Vf = the volume fraction of fibres.
Up s the pull-out energy, 
and 1^ _ = the critical length, expressed as
This
the maximum pullout 
contribution for all
 equation gives
fibres at l=lc
d = the fibre diameter.
X  = the interfacial shear strength. Calculations
((see Fig.3*2.25) Test-pieces were both taken from TPNo.2)
The strain-energy stored in the test-pieces may
(125):-
f  L= beam span
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It can be observed (in Fig.4.7), that the predicted energies 
correspond extremely well with the nylon 6.6 Charpy data. In 
the case of the rubber toughened materials, the calculated 
energy due to these two contributions is clearly an 
underestimate. This implies that there are other toughening 
mechanisms occuring during the fracture process. These could 
be:-
i) Matrix plastic flow contribution
- stress whitening (matrix crazing)
- general matrix yielding (see Wu (122))
ii) The modification of the pull-out process.
- sheathed formation inducing local plasticity.
- an increase in the effective fibre radius and 
hence the interfacial area, thereby enhancing 
the pull-out contribution.
The fracture surfaces of the rubber toughened composites 
have revealed many pulled-out fibres which are coated with a 
well-developed adherent sheath of matrix. This effect is 
reproducible in all rubber toughened grades and evidently 
contributes to their toughness. A comparison of Figs.3.3.21 
& 22 indicates the much greater matrix involvement in tne 
rubber toughened material. Tne dimensions of the fibre 
’sheath’ appear to be a function of the rubber content (see 
also Figs.3.3*32/33 & 3*0. At 20% by weight rubber, sheaths 
of up to 5 /4m thick have been observed with both types of 
rubber, MEP and EPDM, becoming correspondingly thinner at 
lower rubber contents. Furthermore, the sheath thickness 
also appears to be strain rate and temperature dependent. As 
the micrographs show, this sheathing phenomenon occurs only
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at higher strain rates (ie. under impact conditions).
Testing was performed on machined specimens at two
orientations. Figs.3.2.27/28 clearly show that the fibre
orientations also have a significant effect upon the impact 
toughness through the pull-out process. This is further 
illustrated by the orientation factor (a ratio of the 
toughness for the two orientations) which is shown to be 
directly related to the fibre fraction (Fig.3.2.30). This
supports the view that the pull-out process is the major
toughening contribution, and that its effect is more
significant than the matrix contribution alone. It also
infers that the rubber toughening itself is influencing the 
pull-out process primarily under impact conditions.
In Fig.3.2.27, 28 and 29 the toughness appears to reach a peak
value beyond which any further increase in fibre fraction
would actually reduce the impact performance. Tnis results
partly from the quality of mouldings which tends to suffer at
very high fibre fractions. Under these conditions, the
materials are difficult to fabricate and variations in the
fibre orientations are prone to occur. Tne performance of
high fibre fraction composites will also tend to be impaired
because of the overlapping stress fields in these materials.
As the fibre concentration increases, the field of influence
of individual fibres will interact with their neighbours.
Highly reinforced fracture surfaces give the appearance of
’clumped pull-out’, in which the matrix appears to have
sheared ’en-masse’. If stress fields between fibres do
interact in this way and locally exceed the matrix fracture
stress, then fracture paths will tend to avoid the fibres.
(see Fig.4.6)
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This phenomenon will reduce the toughness since clumped 
pull-out takes place by absorbing less energy than if the 
equivalent fibre fraction were to fail by individual fibre 
pull-out.
Instrumented falling weight impact testing (IFWIT)
The instrumented falling weight impact results show a 
different total energy to break (Figs.3*2.33/34) behaviour 
from the Charpy test. Tnis is a consequence of using an 
unnotched test-piece; with the crack being able to initiate 
and propagate along the weakest fracture path, as opposed to
being forced through a particular section. Furthermore, the
loading geometry is rather different from that of the Charpy 
test, and fracture invariably results in the specimen being 
broken into at least four pieces. From a scientific point of 
view this is not ideal, and the energies obtained are no 
closer to controlled fracture toughness data than the Charpy 
test. However, from a practical viewpoint the test is very 
useful in that it simulates a typical service condition. A 
major disadvantage, however, is that the circular disc 
geometry and support system makes a rigorous stress analysis 
very difficult.
Tne tests were performed using two different sets of
apparatus. Fig.3.2.33 illustrates the data measured at
Surrey (using ’S-’coded dry-blended materials) and Fig.3.2.34 
snows the data obtained from ICI’s test apparatus (with
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’I-’code precorapounded materials). Tnere is a considerable 
difference in the toughness behaviour under the two
conditions, which is probably due in part to differences in 
test-pieces and the quality of the materials.
Tne correlation between IFWIT and Charpy data does however 
confirm that rubber toughened materials (only 20% wt. rubber 
grades were tested) exhibits superior impact toughness.
Tne test also provides crack initiation energy data by 
integrating the force/time response up to a selected 
’initiation’ peak. Fig.3.2.32 illustrates such an analysis 
technique for a well-defined initiation event. Tne validity 
of the peak choice can, however, be controversial 
especially in the rubber toughened grades. Filtering of
electrical ’noise’ facilitates analysis, but makes selection 
of the initiation peak extremely difficult. Using high speed 
photography, Johnson et al (126) have recently suggested that 
the correct peak may be selected only from unfiltered
signals. The tests show that for all grades the initiation
energies are similar at fibre contents greater than 15%Vf. 
The rubber toughened materials are superior only at very low 
fibre fractions (Fig.3.2.25). These results were obtained 
from analyses carried out by visual inspection of the load 
time traces. However, Fig.3.2.36 illustrates that data 
derived from the computer analysis, indicates that the rubber 
toughened materials do not lose their crack initiation 
resistance with fibre reinforcement. The initiation event 
does sometimes appear as a ’knee’ or point of inflection 
which is not easily identified by the computer. Tnis can 
lead to overestimates of the initiation energy. Tne large
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scatter range of these results (which increases with fibre 
content) suggests that this approach is susceptible to 
misjudgement.
Tne staircase crack initiation threshold test confirms 
that the initiation energies converge beyond 15%glass for all 
materials. In this test no significant crack propagation was 
allowed to occur, thus overcoming the ambiguities which are 
present in the standard excess energy IFWIT test. It is 
clear from the excess energy falling weight test results that 
the rubber is effective in increasing the energy of crack
propagation but does not significantly influence initiation 
energy. Tne role of the rubber in unfilled matrices lies in 
initiating stress whitening. Thus it might be expected that 
the crack initiation phase is not impeded. Fig.3.3.19 shows 
the impact fracture surface of unreinforced nylon 6.6, which 
has initiated from a single site at the notch and
subsequently propagated in a brittle manner. An unreinforced 
rubber toughened grade fractured in the same manner 
(Fig.3.3.20) however, exhibits multiple initiation events (an 
indication of the role of the rubber particles in the 
fracture process) and also microductility in propagation. 
These observations explain the superior initiation resistance 
and higher crack propagation energies for the unreinforced
rubber toughened materials.
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4.3.2 Fracture toughness
The slow-bend fracture tests were performed on two materials 
(12(13%VfN6.6) and I4(12%RTN6.6)) using a similar loading 
configuration to that of the Charpy tests. The results are 
shown in Table 3.2.2. Tne test snows that at similar levels of 
reinforcement there was little difference in toughness between 
the untoughened and 20% rubber toughened matrices. This 
contrasts with the Charpy results. Tne K (stress intensity 
factor) values were similar (7.46MPa/m compared to 9.21MPa/m), 
although once the crack was initiated, a different mode of crack 
propagation was observed (see Fig.3-3.27). The fracture surface 
reveals that the slow fracture process of the rubber toughened 
grades takes place by fibre pull-out and a high degree of matrix 
ductility.
Fig.3.2.41 illustrates how the notched tensile test technique is 
susceptible to large scatter and variability as a result of 
difficulties in test-piece preparation and notching. In this plot, 
the nylon 6.6 composites are shown to exhibit superior toughness to 
the rubber containing materials. This is contrary to all other 
toughness measurements which have been made in this work. This infers 
that the specimen geometry is unsuitable for toughness evaluation in 
these materials. It seems that a parameter which is more dependent 
upon strength than toughness is being measured and that considerable 
elastic energy is being stored in the test specimens. The stored 
energies are given in Table 3.2.5.
At low fibre fractions plane strain conditions could not be
j
obtained for any test configuration, which accounts for the trends I
toward higher values.
In the more ductile materials, localised deformation at the
loading pins resulted in some contributions to toughness from
out-of-plane (Mode III)tearing.
The compact tension test-piece was used to study the effect 
of rubber on the fracture toughness at different temperatures 
and at differing orientations with respect to the melt flow 
direction. Tne orientation of crack propagation with respect to 
the melt direction must be considered in terms of the direction 
of the applied stress. Tne compression tests results indicated 
that the plaque mouldings were stronger when the stress was 
applied parallel to the melt flow (Figs.3.2.20/21); this would 
correspond to a crack propagating normal to the melt fill 
direction. Predictably, this configuration gave risej to higher 
stress intensity factors (2-10.5MPa/m)(Fig.3.2.47) than for 
cracks propagating parallel to flow (2-8MPa/m)(Fig.3.2.48).
Tnere are two points of general interest: firstly, the rubber 
toughened matrices are tougher than nylon 6.6, and secondly, the 
increase in toughness due to the fibres in the rubber containing 
grades is less pronounced. Tnis results in a convergence of 
stress intensity factors at 0.3Vf. These room temperature 
results are similar to those obtained for the smaller specimens 
(Figs.3.2.49 and 50).
Tests conducted over a range of temperatures indicate that 
the two effects:-
i) matrix toughness, and
ii) the toughening effect of the fibres,
are significantly affected by temperature.
Tne matrices become tougher as the temperature increases from 
-50°C to room temperature. A further increase in temperature 
(to 50°C) results in a relatively small increase in toughness in 
Nylon 6.6 but a significant drop in toughness of the rubber 
toughened material. (See Fig.3.2.49 to 54.)
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Fibre reinforcement generally increases the toughness under 
all conditions. Tne extent of this toughening effect does 
however, depend upon the type of matrix, and the temperature. 
These trends are illustrated in the schematic diagram ( Fig.4.8) 
Tne ’fibre toughening’ effect was observed to be greatest at 
-50°C when the matrix was most embrittled. In this case, it is 
thought that the work of pull-out is enhanced by increased 
frictional forces at the interface in addition to the higher 
strain-energy stored in the test-piece. Tnis results from the 
higher stiffness and yield strength of the matrix at low 
temperatures. Tne inference from these results is that high 
stress intensity factors may be achieved through efficient use 
of the fibres, independently of matrix.
Tne strain energy release rates (G) were also measured from
the tests, but by a work-of-fracture approach. Tne values
obtained were calculated from numerous integrations between
crack extensions during the test. However, referring back to
the inaccuracies described for the measurement of K values,
✓
there are similar undesirable influences which may affect the 
results. Tne tests were subject to non-planar crack growth, and 
to out-of-plane stresses, which in some cases deviated 
significantly from plane strain conditions. The plane strain 
conditions which determine the use of the G term are extremely 
difficult to attain in some materials, since fixed moulding 
dimensions limit the available test geometry. Tne experimental 
data (Figs.3.2.55/56) plotted for the two test orientations show 
similar work-of-fractures. However, when the stress is applied 
along the direction of the melt flow (corresponding to a crack 
normal to flow) the G values are slightly higher at greater
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fibre fractions. This confirms the hypothesis that there are 
competing toughening contributions from the different fibre 
orientation regimes. Either the skin or the core regions play a 
more dominant role.
Tne averaged trends (Fig.3.2.57) eliminate these FOD 
complexities, and show the extent of the rubber toughening that 
takes place in the matrix material. It can be seen that at only 
5% by weight of rubber, toughening appears to increase the 
strain energy release rates by at least an order of magnitude 
(from 2.5 to 25 kJ/m2 )
Fibre reinforcement on the other hand, also improves G for 
Nylon 6.6, but only by a factor of 2 to 3 over the Vf range 0 - 
0.3 at the slow rate of testing. In contrast, the fibres 
dramatically reduce the work-of-fracture of the rubber toughened 
matrix. Tnis results in a relatively small difference between 
rubber toughened and untoughened materials at higher fibre
contents (as was found for K values too). In order to validate,
and correlate the trends observed in the fracture tests, the 
strain energy release rates were calculated from stress 
intensity factors and Young’s modulus according to the 
equation
\s2 2
g = d - v ) 45
E
The magnitude of these predicted G values (see Fig.3.2.58)
are, in fact, significantly lower than those obtained
experimentally. However, it is reasonable to expect this since 
both the stiffness and the stress intensity factor (obtained 
from plane strain) are obtained from tests prior to, or at,
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crack initiation. In the experiments it was found (from 
fractograp'ny) that it was not possible to suppress ductility in 
slow tests.
It can also be seen (Fig.3.2.58) that the rubber toughened 
materials are predicted to be tougher than nylon 6.6 composites 
at all levels of fibre reinforcement. However, the calculated 
values do not indicate as large a difference between the 
toughness of the unreinforced matrices. Deviation from in-plane 
strain loading may be responsible for this inconsistency. In 
determining the validity of the results as true plane strain 
fracture toughness data, geometry independence was assured 
(Fig.3*2.44) and plastic or process zone sizes were calculated. 
These are plotted for large (Figs.3.2.59/60) and small 
test-pieces (Figs.3*2.61/62). In each case the plastic zone for 
all nylon 6.6 composites was of the same dimensions irrespective 
of the fibre content. The rubber toughened materials, on the 
other hand, which in the unreinforced state have a large process 
zone radius, were more significantly affected by the fibres. 
Tne plastic zone size was observed (see Fig.3.3. 18) to reduce to 
similar dimensions as the nylon 6.6 materials when the fibre 
content was greater than 0.2Vf.
The values show a very similar trend to that of the tensile 
strain-to-failure (Fig.3.2.12), which is not altogether 
surprising. In their work, Moore and Leach (105) use a term 
called the ’ductility factor’ which is derived from the a yield 
stress and the stress intensity factor, and which could be taken 
literally to mean the extent of ductility.
Tne process zone radius trends are consistent with visual, 
stress whitening observations made around the crack in rubber
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toughened grades (Fig.3*3.18).
4.3»3 Discussion of fractograp'nic observations 
A schematic representation of the fracture surfaces is shown in
Figs.4.5 and 4.6.
An investigation was carried out to ascertain the rubber
particle morphology in the matrix, and in order to understand 
the sheath formation which occured on pulled-out fibres during 
impact fracture (see Fig.3.2.25). Tne effect of increasing the 
rubber content is to induce thicker sheaths, as is shown in the 
series of SEMs (Figs.3.3.32/33/34), and the influence upon the 
toughness was observed to be beneficial (in the Charpy results). 
Tne energy absorption is relatively high when the sheathed 
pull-out is observed, and it appears that under fast fracture 
conditions, the rubber toughened matrix shears in a zone around 
the fibres, rather than at the interface.
Initially it was thought that the sheath effect might be 
associated with some difference in matrix morphology close to 
the fibre surface. Tnis might take the form of either a Nylon
6.6 transcrystallinity region, or preferential segregation of 
the rubber and creating a sheath effect. However, the 
experimental programme described in Section 3.4 has failed 
to reveal any difference in structure in the interface region. 
It must therefore be concluded that the phenomenon is due to 
intrinsic differences in the propagation of cracks at fast and 
slow rates.
When glass reinforced Nylon 6.6 is fractured, cleanly 
pulled-out fibres are observed. In this case fibre debonding
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occurs during the fracture process for both ductile and brittle 
matrix failure regimes. However, in rubber toughened composites 
stress whitening occurs. Hobbs, Bopp and Watkins (27) have 
investigated the impact failure mechanisms in a range of rubber 
toughened Nylon 6.6 materials. They confirm that in 
unreinforced toughened nylon, stress whitening is associated 
with substantial rubber/Nylon interfacial debonding and voiding. 
Tne rubber particle size and degree of grafting was not 
optimised for craze blunting, but the extensive shear
banding - brought about by the rubber - plays a more critical 
role in the craze blunting process. Tnis is in agreement with 
Wu (122) who attributes 25% of the impact fracture energy to 
crazing, and 75% to matrix yielding. It follows therefore that 
the rubber toughened Nylon 6.6 composites may have both 
fibre-matrix and rubber-Nylon interfacial debonding taking place 
during fracture.
It has been observed in the tensile test acoustic emission 
results that some damage occurs before the onset of stress 
whitening or any other matrix effects. We have assumed that 
fibre debonding is responsible for this low strain acoustic 
emission. If this is the case, then during slow fracture, 
debonding occurs before the matrix is significantly damaged by 
stress whitening. Tnis results in the transfer of stress into 
the matrix, which yields in a ductile manner.
In fast fracture, stress whitening is observed, but there is 
little evidence of fibre debonding from fracture surface 
observations. It is unlikely that stress whitening is induced 
at lower strains in impact fracture, but more likely that fibre 
debonding is retarded by viscoelastic effects.
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The shear strength of the matrix is significantly lower in 
the rubber modified material. However, the adhesion of the 
matrix to the fibre appears to be high and this results in the 
stabilisation of a layer of matrix immediately adjacent to the 
fibre, even though no structural differences have to be observed 
in that region (Fig.3.3.43).
Fig.4.9 depicts the fast fracture process now envisaged in 
the rubber toughened Nylon 6.6 composites. Tne sheathed 
pull-out phenomenon results as a consequence of the two factors 
previously described :-
i) The competing debonding processes, fibre-matrix and 
rubber-Nylon, in which the fibre debonding process appears to be 
suppressed at higher rates of strain.
ii) The ’stabilised’ region which exists in the matrix close 
to the fibre surface.
As the strain increases, the matrix crazes and the rubber 
particles debond from the matrix. This damage occurs away from the 
fibre, between the the fibres and their stabilised layers. As the 
strain increases, competition between the,fracture mechanisms occurs. 
Some penny-shaped cracks are observed at the fibre ends, as the damage 
develops further in the matrix. At failure, the competing debonding 
processes give rise to a fracture path which is predominantly in the 
matrix, but which intersects the fibre ends. The fibre debonding 
process is suppressed at the expense of forming penny-shaped cracks 
preferentially at higher strain rates, and fewer cleanly pulled out 
fibres are observed. Consequently the sheath thickness is thicker at 
the higher strain rates when penny-shaped cracks are more developed 
and at higher rubber content when rubber/nylon debonding confines the 
cracks to the matrix more. This argument is consistent with the
fast/slow fracture morphologies.
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4.3.4 Microstructural investigations
In these materials crack initiation is associated with the 
debonding of interfaces between the phases. Tne toughness 
measurements illustrate that the rubber and glass toughening 
mechanisms compete. It is known that the fibre orientation can 
affect the manner in which damage occurs, either by initiating 
penny-shaped cracks from the fibre ends, or if the fibres are 
misaligned, by debonding along the fibre matrix interface. 
Rubber particles on the other hand, promote stress whitening 
which is associated with microcavitation.
According to the acoustic emission observations, a plateau 
which arises at low strains (Fig.3.2.16) occurs prior to any 
observable stress whitening (associated with the rubber 
toughened materials). Figs.3.3*15 and 16 compare the 
propagation of cracks in untoughened and rubber toughened grades 
of nylon 6.6, the dye penetrant technique indicates the position 
of damaged areas within the microstructure. The limitation of 
this technique (making interpretation difficult), is that the 
dye can only permeate into ’open’ perosity. Consequently, the 
extent of the observed damage does depend upon tne section 
intercepting a representative amount of damage through the 
material. By using crossed polarisers in the light path, the
dye penetrated region may be observed by focussing slightly
below the surface. Fig.3.3*17 illustrates this effect, and 
reveals the different damage distribution in the two matrices. 
It appears that the rubber toughened materials, which stress
whiten, have a mechanism for dispersing fracture damage widely 
throughout the neighbouring matrix. This stress whitening
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effect occurs within the matrix and is distinct from debonding, 
but it has not been possible to ascertain whether it relates to 
crazing or voiding. Tne absorbed band of dye tends to be wider 
at lower fibre fractions and higher rubber contents, whilst more 
debonds occur in the highly fibre reinforced grades. A 
correlation appears to exists therefore, between the 
microstructural observations of damage, and tne calculated
process zone radii (from Eqn. 2.46 ). Transmission specimens 
provided a means of measuring the dimensions of the damage zone 
and once again a consistency with theory was obtained. Indeed, 
the two inspection techniques (dye penetration and transmission) 
enabled a quantitative approach to be made. At higher 
magnifications the dye impregnation resolved fibre debonds 
(Fig.3*3* 16) whilst at lower magnification the transmitted 
microscopy indicated matrix effects (Fig.3.3.18) which were 
generally more extensive.
A possible explanation for the general form of the process 
zone dimensions would be as follows:-
i) The nylon 6.6 (untoughened) composites contain little or 
no matrix damage, apart from some matrix ductility. 
Consequently the main toughening process prior to pull-out and 
fracture is fibre debonding. It is suggested from the process 
zone measurements that the fibre debond length is in some way 
restricted, which may be due to the interfacial bond strength or
ultimately the fibre length. Tne results show that the
measurements obtained for the range of Vf’s were of very similar 
magnitudes, corresponding to a constant damage zone width of
approximately 250 yWm. Tnese trends support the calculated
values.
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ii) The rubber toughened composites, show a similar trend for 
fibre debonding. Tne dye impregnation indicates that damage 
associated with the fibres was unaltered by fibre content. 
However, the additional damage which exists in the matrix 
extends the process zone. Tne implication of these observations 
is that damage associated with fibre debonding is independent of 
matrix and of fibre fraction. Tne matrix damage, i.e through 
stress whitening (which occurs only in the rubber toughened 
materials) may be added to the fibre damage thus producing an 
increased process zone radius (see Fig.4.2). At high Vf the 
matrix ductility appears to be suppressed together with the 
extent of stress whitening. Tnis brings the damage zone of the 
rubber toughened highly reinforced materials to equivalent 
dimensions as the untoughened composites. In this case however, 
the only visible damage is from fibre debonding.
4.3.5 Mechanical properties in general
During the course of this work, it has been noted that these 
materials are very sensitive to the test geometry. Furthermore, 
the mechanism of fracture is also shown to be rate dependent, 
(this is discussed in Section 3*3 . - " ). Tnese factors
demand that more extensive testing is necessary for adequate 
characterisation, than is usual for most materials.
Under impact loading, it has been shown that the techniques 
used are capable of resolving small differences in toughness due 
to fibre reinforcement or rubber toughening. Differences in 
toughness resulting from orientation effects can also be
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observed (in the Cnarpy test).
The validity of the Cnarpy test (which has been discussed in 
Sect.4.2.3)» depends upon the manner in which a crack is 
initiated and propagated by elastic energy stored in the 
test-piece. Unnotcned test specimens are generally not suitable 
as the energy stored as strain energy when the crack is 
initiated is very high and this leads to misleading estimates of 
toughness. Both Cnarpy and IFWIT tests are affected by this 
problem and in the case of the IFWIT a further disadvantage lies 
in the cylindrical disc geometry and support arrangement which 
makes rigourous stress analysis difficult. This is unfortunate 
because the notch disc IFWIT test provides a useful means of 
comparing fracture toughness obtained from fast and slow loading 
rates. Table 3.2.3 contains toughness data which was calculated 
using a simplified analysis (121), whilst Table 3.2.2 contains 
toughness data for more than one rate of loading. In each of 
these tables the results for two materials (code I2(13%VfN6.6) 
and I4(12%VfRTN6.6)) are presented. Two test geometries were 
used to compare fast and slow testing. The first of these - the 
Cnarpy/3-point bend (TPNo.7) - illustrates the rate dependence 
effect. A comparison may also be made between the strain energy 
release rates for the two tests: The rubber toughened materials
exhibit overall superiority. However, the margin of improved 
toughness is greater under impact conditions. Of course, it is 
questionable whether these parameters should be compared at all. 
Although the Cnarpy energy shares the same units as G, it is 
measured from an uncontrolled crack propagation. Nevertheless, 
the indication is that the rubber containing material resist 
impact relatively better than they do at low loading rates.
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The second of the tests, the centrally loaded notch disc
(TPNo.9), provides a more realistic comparison between loading 
rates since it employs the same ’fracture toughness’ analysis 
for each test (see Fig.3.2.64/65). The results (table 3.2.3) 
also indicate an agreement with the 3-pcint bend results. The 
rate effect is more pronounced for K values than G values for 
the rubber toughened material; an effect which is mirrored
albeit to a lesser extent in the untoughened material. 
Unfortunately, problems also exist when comparing this data. 
The main reason is that the analysis is valid only at small disc 
deflections (of the order of the disc thickness). With large 
deflections out-of-plane stresses develop and the simple
analysis no longer applies. Tne analysis is thus justified for 
untoughened grades, but is stretched beyond validity for the 
rubber containing material. Furthermore, the analysis for G
(which is mathematically simple) is placed in doubt by the 
manner in which fracture occurs, since in every test a secondary 
crack was initiated in a direction normal to the notch. 
Although the analysis could be revised for this effect if the 
additional crack were always seen to propagate right through the 
test-piece, it was found that the cracks were of indeterminate 
length.
Tne absolute fracture toughness values from the notched disc 
tests are rather high compared to the compact tension results. 
This discrepancy is an indication of the magnitude of the errors 
described above. Williams (127) quotes 2.5MPa/m for the plane 
strain fracture toughness (Kjc ) of nylon 6.6. Similarly, there 
is good agreement between the compact tension results and those 
published in the literature (shown in Table 2.2).
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Tne measurement of fracture toughness data using slow 
controlled fracture tests is usually preferred for design 
information. It has been pointed out by Moore (128) that 
toughness parameters are time-dependent, i.e reinforced nylons 
exhibit some viscoelasticity in their stress-strain response. 
Fracture mechanisms appear to be significantly affected by 
loading rates which may promote crack velocities of ~1/1000m/s 
(slow tests) to ~1000m/s (impact tests). It has been shown that 
there is a ductile/brittle transition (Section 3.3.5.1) and that 
the fracture mode during ’fast’ and ’slow’ fracture differs in 
rubber toughened grades. As a result it may be concluded that 
the characterisation of the toughness accomplished in this work, 
owes much to the use of such a diversity of test techniques. 
(This is clear from the fractography and microstructural 
evidence).
4.4 I Future developments
Selecting the ’best’ composition for a particular moulding 
must ultimately depend upon the requirements in service. The 
fundamental mechanical properties were shown to extend over a 
wide range for the variations of rubber and fibre contents in 
the material tested. Generally speaking, it is observed that 
high rubber content is associated with good toughness, and high 
fibre contents with high strengths. However, the relationship 
between toughness and strength/stiffness is not quite as 
straightforward. At all fibre fractions, the strengths and 
stiffnesses of the rubber containing grades are always inferior
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to untougnened grades, although fibre reinforcement does occur. 
In order to satisfy a rigourous stiffness/strength requirement, 
a low rubber content, high fibre fraction grade would be chosen. 
However, the selection of a grade for good toughness must depend 
upon what interpretation of ’toughness’ is made. Toughness may 
be divided into three categories:-
i) Crack initiation.
ii) Crack propagation (fast).
iii) Crack propagation (slow).
Tne use of one of these more precise terms prompts a 
different choice of composition in order to meet design 
requirements. Taking each in turn:-
i) The resistance to crack initiation is associated with the 
distribution of damage over a wide area or volume of material, 
by avoiding the creation of a localised crack. Fibres have the 
effect of providing crack nucleation sites especially at low 
fibre contents, when the composite strength is low. Rubber 
toughening by design promotes widespread stress whitening which 
delocalises the crack nucleation by providing more sites. 
Untoughened nylon 6.6 tested at room temperature fails in a 
brittle manner for it is below its glass transition temperature. 
This leads to poor energy absorption. The selection of a grade 
for resistance to cracking would therefore fall upon low Vf or 
unreinforced rubber toughened nylon 6.6.
ii) The impact failure process is controlled by toughening 
mechanisms which vary (in this system) according to the 
composition of the composite. Tne chief factors influencing 
toughness are matrix ductility and fibre pull-out. Nylon 6.6 
has poor notched impact toughness, which is improved by fibre
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reinforcement (beyond a small region of embrittlement).
However, the rubber toughened matrix exhibits extremely good
impact toughness. The presence of the rubber lowers the glass
transition temperature and thus promotes ductility. Tne rubber
particles also contribute to the energy absorbtior. by crazing
and void formation (122). Additionally, the fibre pull-out
mechanism is modified by the rubber giving rise to higher energy 
absorbtion. These effects combine to make rubber toughened
composites ideal for impact applications. However, there is an 
intermediate fibre fraction range in which the material is
embrittled. As a result, the best performance is obtained with 
low or high Vf materials. (But not at intermediate fibre 
contents.)
iii) Applications in which fracture toughness is required for 
slow loading suggests the use of more structural roles. Tne 
stress intensity factors increase with fibre fraction and
converge at similar values, with little to choose between 
matrices. Tne strain energy release rates indicate that the 
fibres have small effect upon the nylon 6.6 materials, but a 
pronounced influence upon rubber toughened grades.
Short fibre reinforced thermoplastics are attractive 
materials because they offer modest mechanical properties (in 
absolute terms) in relation to cost and ease of fabrication. 
They are often used as they provide a cost effective solution to 
many engineering problems. In the past the mechanical 
properties have been developed on an empirical basis; there is 
now more understanding of the way in which the construction and 
the microstructure influence the properties. Tne future 
potential of these materials will depend upon the exploitation
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and development of this understanding.
Examples of these possibilities are to be found in the 
following discussion which is based on speculation.
As fibres of increased length are incorporated into 
thermoplastics, their length will reach and exceed the critical 
fibre length (assuming that the the present fibre lengths are 
subcritical). When the fibres reach five times the critical 
fibre length they are being used efficiently to stiffen the 
matrix (see Fig.2.1). At greater length tne improvement in 
stiffness is marginal. In contrast, toughness is optimised, at 
least as far as the fibre pull-out contribution is concerned, 
when fibres of the critical length are used. Longer fibres 
reduce the pull-out contribution. Clearly there is a balance 
between stiffness and toughness (due to pull-out). It is also 
possible that toughness will be influenced by another mechanism. 
If the fibres are really long (as described by the ICI process 
(6)) it is likely that some fibre fracture will contribute to 
toughness. Additionally the equivalent fibre fraction of longer 
fibres will contain fewer fibre ends. It is thought in this 
work that the fibre ends cause embrittlement of the material by 
acting as internal notches. With fewer of these inherent 
defects to initiate damage, it is expected that there may be a 
modest strength improvement associated with the longer fibre 
reinforcement. Further to this argument, the strength of the 
fibre/matrix interfacial bond, (which along with the fibre 
diameter and strength, governs the critical length) may be 
optimised to control the balance between stiffness and 
toughness. Tne use of such long fibres which also possess lower 
interfacial bonding, will enhance the toughness through pull-out
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with a small reduction in stiffness. To this end stiffer fibres 
such as carbon or silicon carbide may be employed. It is even 
becoming attractive in thermoplastic matrices to use more than 
one fibre types (termed ’hybrids’). In this way, fibres with a 
good interfacial bond may be incorporated with fibres of lower 
bonding. This form of ’dual-role’ microstructure is an area 
which is little understood in moulded materials. So-called 
’hybrid’ effects such as those observed in continuous fibres 
composites would be of interest in SFRTP’s in which a more 
intimate mix of the differing fibre types may occur.
However, it should be remembered that while these 
improvements in the existing materials can be envisaged, there 
are still parameters of short fibre reinforcement which are 
poorly understood, or rather, are very difficult to predict. 
The complexity of the fibre dispersion in even the simplest of 
mouldings makes any rigo rous prediction extremely difficult. 
If a fibre orientation distribution is measured, which in itself 
is a difficult task, and a fibre length distribution established 
from an ’ashed’ moulding, then the assumption that these effects 
are not interrelated is, to say the least optimistic. There is 
no method which can accurately measure or predict a fibre 
length/orientation (interdependent) distribution. Another 
measurement which is difficult to measure is the interfacial 
bond strength. Through fibre pull-out length observations on 
fracture surfaces, it is possible to make an estimate of the 
interfacial bond strength using Eq’n 2.14. Without these 
important parameters it is extremely difficult to make accurate 
scientific predictions of toughness or strengths for SFRTP’s.
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Figure i . t  Flow patterns observed in the plaque
mouldings. There is  evidence or je ttin g  
in the lower ha IF oF the plaque.
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Figure 4.2 A schematic diagram showing the eFFect upon 
the mechanical properties oF NulonS.6 
due to additions oF glass ana rubber.
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Figure 4.3 The influence of Fibre orientation upon the 
strength is complex. The Fibres carry higher 
stress when aligned, but may promote Failure 
by initiating cracks in the matrix.
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5 CONCLUSIONS
1. Tne effect of the addition of fibres to Nylon 6.6 is to 
increase the stiffness and the yield stress. Tne strength is also 
increased, but to a lesser extent, whilst the tensile 
strain-to-failure decreases. Small glass additions cause 
embrittlement which is reflected in the toughness tests; larger fibre 
additions increase the toughness.
2. Rubber toughening increases the toughness of Nylon 6.6 in all 
tests. It reduces the stiffness, tensile strength and yield stress 
and increases the tensile strain-to-failure. When low Vf's of glass 
are present, the impact toughness drops sharply, although it always 
remains far superior to the equivalent composites not containing 
rubber. As the fibre content is increased, there is a gradual swing 
towards less effective rubber toughening. In particular, the rubber 
has significantly less influence on slow fracture processes than on 
fast fracture processes at all Vf’s.
3. Changes in fracture morphology associated with the rubber 
additions appear to provide additional energy absorbing processes. 
The ductile matrix/clean fibre pull-out - observed in slow fracture, 
is replaced by the brittle matrix/dirty fibre pull-out fracture 
morphology in impact. These effects have been shown to be independent 
of test temperature.
4. Nylon 6 behaves in essentially the same way as Nylon 6.6. The 
stiffness and strength are slightly lowered and the strain-to-failure
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is increased correspondingly. Tne toughness measurements indicate 
that Nylon 6 offers no obvious advantage over Nylon 6.6 as a matrix 
for the glass reinforced material.
5. Stress intensity factor measurements over a range of test 
temperatures showed that the influence of the fibres on the toughness 
was strongest at lower temperatures. Additions of rubber increased 
the toughness of all materials at ambient and sub-zero temperatures, 
but had little effect at 50°C. At the lower temperatures the glass 
was the more effective addition in promoting toughness. Therefore it 
follows that in order to make tough materials it is most desireable to 
use the fibres efficiently. A better combination of properties is 
obtained in this way.
Slow fracture
6. The addition of rubber provides multiple sites for the 
initiation of damage, so that the processes leading to energy 
absorbtion occur in a larger volume (delocalised damage). At the same 
time, because both the stiffness and strength are reduced, the 
specific energy absorbing potential of the material is reduced. In 
slow fracture this is compensated for by the 1 plastic’ processes of 
crack propagation which occurs only in the rubber toughened materials.
7. Tne use of fibres, on the other hand, stiffens and strengthens 
the material, increasing it’s energy absorbing potential (the 
strain-energy). Nylon 6.6 fails in a brittle manner, but the fibres 
provide multiple fracture processes, such as pull-out which 
compensate.
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8. In materials containing both rubber and glass, the processes 
described in Conclusions6 and 7 above are in competition. Tne rubber 
containing material will only appear to be tougher when the plastic 
contribution to the work-of-fracture exceeds that lost on account of 
the reduction in strength and stiffness of the matrix.
Fast fracture
9. The rubber toughened material the sheathed pull-out process 
appears to absorb additional energy which results in the measured 
toughness of these materials being improved by rubber additions at 
high rates of strain, but not at low.
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F ib r e  p u l l - o u t  p h e n o m e n a  in  r e i n f o r c e d  p o l y a m i d e s
R. S. BAI LEY,  M.  G. BADER
Department o f Materials Science and Engineering, University o f Surrey, Guildford, UK
As part o f a programme investigating mechani­
cal properties o f glass fibre reinforced po ly­
amides, fracture surfaces have been studied 
using the scanning electron microscope (SEM). 
This has revealed some unusual characteristics 
associated w ith fibre pull out during Mode I 
fracture.
The materials studied were a polyamide type
6,6 filled w ith  short E-glass fibres and another 
version o f the same material where the m atrix 
had been modified w ith a fine dispersion o f a 
hydrocarbon rubber designed to improve its 
toughness. The test pieces were cut from  injec­
tion moulded plaques and were dried p rio r to 
testing.
In the case o f the unmodified material, it was 
found that under fast fracture conditions (e.g. 
Charpy impact test) the fracture surface showed 
brittle  failure o f the polyamide m atrix. The 
pulled out fibres were fa irly clean but there was 
some evidence o f m atrix adhering to the fibre. In 
contrast, a slow bend fracture test using a test- 
piece o f identical configuration to the Charpy. 
produced a ductile failure in the m atrix, and the 
pulled-out fibres were extremely clean w ith little  
or no m atrix adhering to them. Typical fracto- 
graphs illustrating these points are shown in 
Figs. 1 and 2.
In the case o f the rubber modified polyamide, 
however, fast fracture resulted in an essentially 
b rittle  appearance o f the m atrix fracture surface 
but the pulled-out fibres were heavily sheathed 
in adherent m atrix material (as shown in Fig. 3). 
A  sim ilar slow bend fracture test produced clean 
fibre pull out (Fig. 4). although in this case the 
m atrix show'ed more evidence o f ductile flow  
than was the case w ith the unmodified system.
It w’as also noted that the specific fracture 
energy o f the rubber modified material w'as sig­
nificantly higher than that o f the unmodified 
material only under the fast fracture conditions 
where the sheathed pull-out phenomenon w'as 
observed (see Table I). This phenomenon has 
been observed in a wide range o f materials o f 
different fibre volume fractions, and several 
types o f fracture test.
In itia lly  it was thought that the sheath effect 
m ight be associated w ith some difference in 
m atrix m orphology close to the fibre surface but 
optical and electron microscope studies have 
failed to reveal any such region. We must con­
clude that the phenomenon is due to in trinsic 
differences in the propagation o f cracks at fast 
and slow loading rates. Fast fracture appears to 
propagate in the m atrix reducing the effective 
cross sectional area when shear failure occurs in
cO kv
Figure 1 Nylon 6,6. Fast fracture gives rise to a brittle  matrix Figure 2 Nylon 6,6. Slow fracture surfaces indicate ductility
appearance and some adherent matrix on the fibre surfaces. in the matrix and clean fibres.
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Figure 4 Rubber toughened Nylon 6.6. Slow fracture 
surfaces reveal pronounced matrix ductility  and clean fibres.
Figure 3 Rubber toughened Nylon 6,6. Characteristic 
sheathed fibres in a brittle matrix are observed in fast frac­
ture.
the m atrix around the fibres leading to the 
sheathed pull-out appearance. This implies a 
high level o f adhesion between m atrix and fibre. 
Under slow loading rates ductile m atrix failure 
develops by a process o f crazing and shear band 
form ation and this apparently allow's a clear 
separation between m atrix and fibre to occur.
T A B L E  1 Specific fracture surface energy at fast and 
slow loading rates
Material Charpy, Three-point
fast bend, slow
(kJ m~: (kJ m - 2)
(at =5: 20% glass fibres)
Nylon 6.6 8 11
Rubber modified Nylon 6,6 31 20
The shear strength o f the m atrix would be sig­
nificantly low'er in the rubber modified material. 
However, the adhesion o f the m atrix to the fibre 
appears to be high and this results in the sta­
bilization o f a layer immediately adjacent to the 
fibre, even though no structural differences have 
been obseved in that region.
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THE EFFECT OF TOUGHENING ON THE FRACTURE BEHAVIOUR 
OF A REINFORCED POLYAMIDE
R.S. Bailey and M.G. Bader 
Department of Materials Science and Engineering 
University of Surrey,
Guildford, GU2 5XH U.K.
ABSTRACT
Impact and fracture toughness tests on a series on glass-fibre 
reinforced polyamide compounds, containing a rubber dispersion, have 
shown that the rubber additions effectively improve their toughness. 
The improvement is more marked for fast fracture conditions and when 
the glass-fibre content is lower. The reasons for this are suggested 
from a study of the fracture morphology. This implies that fibre- 
matrix debonding is the controlling factor at low strain rates, but 
that the matrix has more influence at higher rates.
INTRODUCTION
The use of dispersions of a rubbery phase for toughening glassy 
polymers is well established, and more recently this technology has 
been applied to the semi-crystalline polyamides (PA) /l,2/. This 
work is concerned with the rubber toughening of glass-fibre 
reinforced polyamides (GRPA). In these materials the glass 
reinforcement increases their stiffness and strength, but reduces 
ductility. The effect on toughness is more complex: the GRPA is less 
tough than the unfilled PA, but GRPA of higher fibre fraction (Vf) 
is generally tougher than that of lower Vf /3/. The object of this 
work has been to determine if the use of rubber dispersions results 
in a more advantageous balance of properties.
EXPERIMENTAL
A number of blends of polyamide 6.6, chopped E-glass strand, and 
a hydrocarbon rubber were compounded into moulding granules, from 
which flat test plaques were made by injection moulding.
Test-pieces were prepared from the plaques, and tests then 
conducted to determine a number of mechanical properties. Yield 
strength was measured by a plane-strain compression test, using the 
method reported by Williams /4/, and the fracture toughness, Kq, 
from an ASTM type compact tension test. Charpy impact tests were 
also conducted, as well as conventional tensile tests. The micro­
structure and fracture morphology was studied using both optical and 
scanning electron microscopy.
RESULTS AND DISCUSSION
The most important mechanical test data are summarised in 
figures 1-3. These show the yield stress, fracture toughness and 
Charpy impact energy for the range of materials studied. The yield 
strength shows a linear relationship with Vf, and a uniform 
reduction proportional to the rubber addition. The fracture 
toughness also shows a near linear increase with Vf, and an upward 
trend at higher rubber loadings. The rubber-toughening effect is, 
however, much lower at the higher Vf levels. There is every 
indication that at slightly higher Vf than that studied, the rubber 
would have been virtually ineffective. The symbol K q  has been 
used, rather than Kc because the plane-strain criterion has not 
been satisfied in the test configuration used. The results are 
however consistent. It has not yet been possible, however, to obtain 
toughness values for all the unreinforced samples; which fail by 
general yielding.
The Charpy test data shows that a small fibre addition sharply 
reduces the toughness of the PA, but that larger additions result in 
an upward trend. Similar trends are observed for both toughened and 
untoughened grades, but the toughened grades are consistently better, 
although the initial drop, at low Vf is more severe.
In figure 4, the process-zone radius, calculated by the method 
proposed by Brown and Srawley /5/, is shown. Whilst this may not be 
quantitatively correct for this material and test configuration, it 
should provide an indication of the relative volume of material 
contributing to toughness in the different grades of material. It 
will be noted that it decreases with Vf towards a constant value, 
and that it tends to increase with the rubber additions. This is 
consistent with the visual observation of a band of stress whitening 
around the crack in the rubber modified grades.
Microscopic studies have shown that the stress whitening is a 
matrix effect, but it has not been possible to establish whether it 
is crazing or voiding. In the glass-containing grades, debonding may 
also occur in the regions close to the crack path. One interesting 
observation /6/ has been that on fast fracture: the fibres pulled out 
of the fracture surface, in the rubber containing grades, are heavily 
coated with adherent material. Similar material fractured at lower 
rates shows clean fibre pull-out. A pair of SEMs illustrating this 
point are shown in figures 5 and 6. The grades which contain no 
rubber never show this heavy matrix layer.
In an attempt to show up the whitened region, a polished section 
through the crack of a compact tension specimen has been treated with 
a crack-detection dye penetrant. A micrograph of the tip region from 
such a specimen is shown in figure 7. It also emphasises some fibre 
debonding, which is shown in more detail in the SEM of figure 8. The 
absorbed band tends to be wider at lower Vf and higher rubber 
contents, whilst more debonds occur in the high Vf materials. This 
is consistent with the implications of the process-zone estimates.
CONCLUDING REMARKS
It is clear that rubber additions may usefully toughen GRPA 
materials, but it becomes less effective when the glass-fibre content 
is high. It is also less effective under slow fracture conditions.
It appears that there are two significant mechanisms contributing to 
toughness. One is the stress whitening, which is promoted by the 
rubber addition, and which dissipates energy within the matrix. The 
other is fibre debonding and pull-out. At low Vf the matrix 
mechanism is dominant, but at high glass contents, matrix deformation 
is inhibited, and the debonding/pull-out mechanism is more important.
The energy absorption is relatively high when the sheathed 
pull-out is observed, and it appears that under fast fracture 
conditions, the rubber filled matrix shears in a zone around the 
fibres, rather than at the interface. Under these conditions the 
appearance of the fracture indicates that the matrix failure is 
essentially brittle, whereas under slow loading debonding and clean 
fibre pull-out are observed, with much evidence of plastic flow in 
the matrix. No detailed explanation can be offered for this 
phenomenon. At low strain-rates debonding apparently occurs before 
the strain whitening can develop to the extent to promote the 
sheathed pull-out. There does not appear to be any preferential 
segregation of the rubber in the regions close to the fibre 
surface /7/.
ACKNOWLEDGEMENTS
This work has been carried out under a Science and Engineering 
Research Council collaborative agreement with Imperial Chemical 
Industries pic, Plastics and Petrochemicals Division. The authors 
wish to acknowledge the co-operation and useful discussions with 
their colleagues at ICI, Wilton.
REFERENCES
1. Hobbs S.Y., Bopp R.C. and Watkins V.H., "Toughened nylon
resins”, Polymer Eng.Sci. 2_3, May 1983, No. 7, p.380.
2. Hahn M.T., Hertzberg R.W. and Manson J.A., "Characterisation of
an impact-modified nylon 66", J.Mat.Sci. 18 (1983), p.3551.
Ramsteiner F. and Theysohn R., "Tensile and impact strengths of 
unidirectional, short fibre reinforced thermoplastics", 
Composites, April 1979, p.111.
Williams J.G., "Plane strain compression testing of polymers", 
Trans.J. Plastics Inst. (June 1967), p.505.
Brown W.F. and Srawley J.E., "Plane strain crack toughness 
testing of high strength metallic materials", ASTM No. 410 
(1966).
Bailey R.S. and Bader M.G., "Fibre pull-out phenomena in 
reinforced polyamides", J.Mat.Sci. Letters, to be published.
Bailey R.S. and Bader M.G., "The effect of toughening on the 
fracture behaviour of a glass reinforced polyamide", Proc. 
ICCMV, TMS—AIME Philadelphia, USA, to be published.
q:v.;.->\' ’ v r r - 'C” ;- c u -. ■_-
•S ... . . . . . . .  V..,J
o MyLor>.0 .6 - ~ C MqtGtrl.G
•> 5^ wtsTN:;Ur.B.B i ;o.E * SivtRTKyLoffB.C
n 1&^R7dyion3.S £ "p 3 3 •.T;:.^kr.<ylot'.S.'G
^ 2ff:vtRTKylor;G.a /  ^  .£ § -  23YvtRTMylont>.&
/ - S
/ : -."> __ —  — ■—C : /° / v: is a3 * / ■r? - /  3 /  t Ci.. i
r:^: ^  • / E i? 4 ^,w-* / s ~ ^
CO : / t. >  : * ^
Oi Z -/ -. *■'/ ' Z '■' *•
: i ;  :  /  “  '  ' '  . >  :  • 
i- : / : ~ : /
' P S ; ; sa
° \ : : i: x : c i /
o -
2 i / r is
~ 5? ~
V  : ~, F
: E : E
^4"TTTTTT iTr7TTrTir,^TTrTrrjrr7rT rn iT r:'tr iT T ’ 7 rfTTTttMrJ!i'- ^-t^ '-T rm T rT rrrrrT rT ri’ rTrrI rrTTTTrTTStiTTTi-ri-rTrTITrTnrTTif
3 5 ! 3 15 23 25 33 $ 5 13 15 23 23 33
FIBSS FRACTION C *;volu.?.c > F ibre  f a c t io n  ( * ' oL >
Figs. 1 and 2 Yield stresses and stress intensity factors as a 
function of fibre fraction.
GILD:LAT£i ;?.0Ci:S?- ICi;: SUES i&&Ll&£&.4££
. . m i m i iU ; j . n i u . i i u i » i i i . : i i i i . ! n . i n m » i i . .  - j i C i u i m . i . : u n u u i : t n m t u l u u u : u l u u U L i i ; .
Z •»  ^ - Iz 0 ty-txo.b ►  ^  ^ oNylonS.G r
s3 v ^ vtRTMylc^ -l.G j. ~ toi \ «. 3i:*bR7Kylor.G.S t
$ . 3 I^tRTKylcno.S E £ J \ n l^ tRTKyLor.S.B =
^23:;v>tiP3j!-onG.o E \  * 2£:vtRTNylonG.G F
\
- I - cj.-:b =
.5 ll *; - 
r_
|\ 
"3 53 x2 : \ :n  z '  r
t; 2o \ r. c I  _
P I \  f ^,3f''v it- I
[*’f v _  I i
J  ± 4  j I
■ J i f t r n m  l T t f F i r » T i ; t * . . j r f t i r i r i T i r n ! j i t t t r » n : 7 » r i . t i f r : ; '  , j , r f .T. t  r j r )  ; t  i t  i t » t r t  - r  r r  i r r r t r . i : i r i  t r r r j n  i n  i r J r . T i i t n t i i f -
3 5 13 15 23 23 33 ;j 5 13 13 23 23 33
F itre  Fraction Cvoi’i) FIBRF FRACTIC:; <1 r-.voluTO >
Fig- 3 Calculated process zone 
sizes using the Brown & Srawley 
equation.
Fig. A Charpy pendulum impact 
trends.
Fig. 5 Fibre pull-out in nylon Fig. 6 Heavy matrix layers
6.6 composites. observed on pulled-out fibres o
a RT Nylon 6.6 composite impact 
fracture surface.
! ■ v U #  ■ ? Tip**i ■- r - jNfccJ 1
p§llt#8 S
| 0 . 3 m m
ti. _.  _
» . . \ ' * V * i'f . |^ ' • . J
Fig. 7 Optical micrograph showing damage in a RT Nylon 6.6 composite 
highlighted by a dye penetrant.
1- r- >>
4- (D 03 *o to on
O _o i- CD c S-
I x> CD > 03 cu
c to CD 3 > 4-> c _v:
CD t c -o J~ CD 4-> CD o
cd c o 03 to O CD 03
X) CD CD i- CD t-
CD 4-5 *o XI 4- l+_ 13 XT U
CD S- •<- h- O 4- 4-5 4-> 4-5
> X3 3 CD CJ C c05 *“0 O to 03 CD 00 o
xi to 03 % to CD S- 4~> CD
CD u CD J- 4- c to 4-5
on -a >>4-j 3 C O o 03 O
+-> •«- -O to o XI e- 3: u CD CD
to E CD •*-“ on O U 4-
>> CD 
,—  C
o
On XI CD C7n C  4- C
on
c
XI
o "O
c c
XI O 3
3 *o XI o
c S- c l x i
03 03 E CJ
o U o
o o o
r—< CD S-
< 5- *o c
XI >> O
XI
>>4- to
C 03 3 4-
05 to S-
S- to 4— 4->
03 03 O X to
u u J * r  cn 05 
•—« s- c
^  +J 4-5 -r- Q.
£_ 03 “O 
CO O E C 4-5 
» Jl CD 05 
CO CO 4_ r— r- 
O -Q
• r - to
3: CD to ,— O  4 -
O i -  03 03 i—  o ^n
3  5  »r~ CD
>> 4-> i - 4-5 C S-
O C l <J > ,  CD 03 O S-
4 —• S- fd  J  J 3
03 >> . r -  03 > )  CL) J-> t/*>
CD X I  on 4 -  CJ E r -  t_  03
X I o  s- O <D 3  a 4—
4-5 CD CD •—  T3 >  4 J  . r - O
CD C X I  CD CD CJ T3
* o X I  CD 4-5 >  O J  05 C >>
C 4-> t - O  S- 4-5
03 X3 X D  O CD 4 ~
4 -  • i— 4-5 CJ 4 - 4 -  CD to
O  .— s O • r -  05 C 4 -  O  E i_
f  1 W* X I 5  ( ! • < - <D 4-5 O CD
+ J  M  lO • E  <l> to >
CD 03 3 :  <D 4-> tO * r -  S- >> >>
X U .  i -  to CD C C- a n  to C
_Q 4-5 ♦—i XI CD 3  CD 3 CD U •»- ZD
03 --4-> 4-5 O 'X I >  CD
O 03 1—  CD C CD
D  D  CL) W i—  X I * o  43 s_ cn
to on to CL 4-> CD CD c
"O > v  CD 05 CD “O C  XI
CD +-> E c CD C  C i_ -H* }— S-
5- 4-5 03 x : X  O H O CD
3 cn c XI c <r_ O 4-5 CD 4- I 3 CD 4-5T3 cn 4-5•r- CJ c CD
4-5
■S
3 CD 4-> S- to 4-5 *o O 4-5 >>XX to E CJ 3 4-5 CD O C
o O to U. c 3 to 4-5 XI L. CJ 03 O 03 D o E u S- •*- “D03 X3 4-> ~a CD "O 03 E on-a CD CD CL C 4-5 O CD r-4 4-5 CD on
S_ o r— CD XI -a 03 CD XI E cn E S- S- >> o to c
4- 3 T3 c •»- > on c on*o to E CD >>4-5 1 E CD 4- CD cn 3 03 UJ
O C 03 O 3 03 03 03 3 J5 XI CD S- s_ s- "a S- fc-g
CD
*o E 03 4-J 4- S- O XI S- XI O E S~4-5 4-5 03 4-5 CD 3 *a 3 C. *a
c 03 Q-4-> +-> CD s_ Cl O "O E CD 3 tO i— XI 4-5 4-5 CD on 51 S- CJ c
03 c to XI CD E CD 4-5 > <D ? O CD -r- cn CD O c CD . c 03
o CD4->XI *r- to to o XI 3 03 O  S- ro 4-5 E -o 03 u_ CL CD4-5 i- 4-> c XI XI >>OJ 03 *o to “O CD S- XI 4- CD S- to* CJ 4->XI X3 >>XI o 3 "O XI CL o CD CD CD 4_> tO £ O 4- CJ c XI 03 CJ
S- 03 O C CD r— f- 4- S- c CD O CD 4-5 c U 4-5 03 *a 4-5 XI c
CD CL CD 4- 3 to CD 4-> O o to 4-5 S- C 4-5 S- 03 on an E to CD
*o E •n O • r- > CD CL XI s- s- Cl c c 4-5 h— CD
3 c to 4-
03 c to 4- S_ *r- "O to XI 4-5 U O CL o CD 03 E -- to O O 'S- CD OJ CJ
CO to CD to c 4-> 03 Q-CO 3 CD cn 03 CL o •r- tO CD UE o to CO
4- 03 to +■> O *o o 03 cn i- c E o 3 4-5 CD XI 03 tO to
O c 03 U CD c o 4-5 03 O 4- CD i- to E 03 C CD to CD CD 03 to
CD o cn s 03 4- 3 U03 CL CJ 4-5 O 3E "O D O- 4-5 3 4-54- £_ o XI CD S- to03 CD S- 4- o 4-5 CD XI o S- to ,—  to to 4-5 CJ 3 CD 03
JC cn 4X XI 4-> 03 CD CL o +J 4-5 i- to CL to to 3 CD CD 3 D “O to CD S- C 03 to
u c 3 +-> XI 03 fO CL c 3 c «— O 03 4-5 ~a 4-5 CD U- c CJ O 03 •r- O S-03 o U  to a. E
■§
o 03 o 03 E U C 4-> CD CD 4-5 5- <D
lE c CJ E XI to CD CD "O CZ 4-5 to C 4-5 4-5
"8
>> o c "O o 4-5 s- 4-> 4-5 Uc D c S- CL C CDX3 CL s~ 4-5 o c 03
"O CD *o S- CD 3 05 03 D CD o O 03 3 CD E CD 4-5 03 • r- CD 03 2
c *o CD CD CD +J J= S- S-. 4-5 J T 3 D (V XI 4-5 >>XI 3 a 4-5 3 4-5 E 3
05 UO -Q +J 4-> CD o U o 4-5 03 TJ 3^ 4-5 u O CL S- 4- 03 to 3 to •<- CD “O 4-
’5 u i- XI 03 U "O to c E
■g « E
CJ CL CD 03 S- £ 4-5 CL CD CJ CD -a o 03 O
* 03 o 3 3 “O 4- c o 4- c CD 4-5 E S- 03 O to *o E 4-5 i- ■o u i_
>> < CJ 4- 5- cr o3 O 3 03 u O -J 4- (J >> CD •r-j to 4— XI r— c O o to “O 03 O an 4-5CD < O XI XI C CD o O  00 o 4-5 ■a c CD 4- 03
C
1— O I— 4-5 “O to CD CD XI s- c CDZZ CD 4- T3 to C CD XI CLH- CD •*- E
03 UJ cn C CD c CD 03 03 4-5 CJ S- XI CD XI 4-5
CO 2 c C • CD XI 03 XI CJ •a CD CO . 4-5 CD XI i- 4-5 S-03 CD CD U XI XI 4-> }— >> o CL 3 1 03
c Od l- i- XI CD 4-5 03 CD o — 1 CL c to i- to 3E CL
UJ on xi 4-5 XI 03 n s_ XI to CD
JO a. <D to 3 XI “O 1— CL CO 03 CD 4-5 E CD 03 Oo X XI 03 O 3 c 3 E UJ XI XI 03 XI >— 4-ac UJ f— 3: 4-5 J- 03 to CZ o 1— 0.00 4-5 CD > 4<
 
 
 
>-m
c  
cn
c.
yj
 
vT 
n 
ii
iL
re
as
eu
, 
uf
iu
 
11 
(.M
er
e 
is 
j 
th
at
 
th
es
e 
m
at
e
ri
a
ls
 
ar
e 
se
n
si
ti
ve
 
to 
th
e 
te
st
 
g
eo
m
et
ry
, 
in 
p
a
rt
ic
u
la
r 
to
li
tt
le
 
d
if
fe
re
n
c
e
 
be
tw
ee
n 
to
ug
he
ne
d 
an
d 
un
to
ug
he
ne
d 
gr
ad
es
 
at 
th
e 
hi
gh
er
 
| 
th
e 
cr
ac
k 
pa
th
 
w
it
h 
re
sp
ec
tt
o
 
th
e 
fi
ll
 
d
ir
e
c
ti
o
n
 
in 
th
e 
p
la
q
u
e.
 
F
u
rt
h
er
m
o
re
gl
as
s 
c
o
n
te
n
ts
. 
| 
tt
ie 
m
ec
ha
ni
sm
 
of 
fr
ac
tu
re
 
is 
ra
te
 
d
ep
en
d
en
t,
 
an
d 
th
is
 
is 
di
sc
us
se
d 
el
se
w
h
er
e 3
C I
fd (d
+ J  QJ i—
O  QJ X  O  C  
C X h  fO O
<D
>  c n P  I P  4-5 U
O  C  fd  fd  rd
u o u i- cn to
CL S- £  C P  C  
P  £  - r *  W  O
C  W  p  >  >  CD •<“
fd  3 : r -  c n  p
U  S- o  O  o  CD fd
o  L p  v' 3 ,r+j V  cn cu oo p
 ^ U X  Q>
CO QJ QJ ( j  _CZ P  J -
W r *  p  QJ p  Q) QJ U  ^
(D CD e  S_ X  CZ •
• C S» 3  »P  3  P  (D O
SZ 0) OJ O P  U P  P
CO >, P  S- U-P-D 3
Zd r—  rc33(L)f0dQ)pL
O P  U P  C  I -  U  O  O  v i  w
P  O  , r -  U  2  P  00 O  id  »r- .  O) 3  ^  C
Q) P  rd  to  o O P L J - ^ P ^ O t J p 1' - ^  
H i L ^ J - ^ C i O w i p a u  on 03 O X
>  -r- *r- p  a) _C U  id >> (S U  tO h- Pki
•r--o£ E p p > ^ ( u - o i . a u u c ( U  u 
p  a u  ^  c n x  <d u  u  o  r— fd
(U W  O  c n  S_ P  U  (tJ (U OJ S- JO • S-.
p  . r -  W  p  CO GJ GJ O  QJ X  E  X  S- (t5 CO u
• r -  W W - r - £ C O J p i : o 5 j h ^  C L I—
,—  x : Q J it3 ‘<—  i » 4 - > G J 4 - > 0 0 4 - >  U  fd fd O
rd  u  s -  ■—  3  fd  o j  4-4
3  •«- o  a> p  3  r— cz c n  > >  QJ x  x  • QJ s -
c r x :  E  oo - r - f  fo  o i P P  QJ < u x :  u i a) i .
S  P Q J a ) p ( O Q . L n 3  »—  p  (d  P  O
c o P u c i . O ( D c n p t t ) x i i . 3 : j 5 ,rn  ^ Q)3PLCd3«Jr(i33 E S-
4_) tp -  > , . r -  00 Q_ GJ a r  p  p  p  P  c l
D  ( C P  CL CL 3  O  P  «r- oo QJ
c r * a  w o c P f l i Q J O U i -  c  o  (U u j :
QJ 0J (d CO tJ JO P  £  CL >, •<- 00 S- P  P  CD
L a; L P C  (U (Oh 4-> cn C (O U
O  TO QJ CL o  P  o QJ 0 5-4-5 3 QJ CZ Q)
p.r-p (13 f— f—  C 4-> QJ <0 QJJCQJC
> C  T3 QJ d) • X  QJ C £  P  L  P  03 01
p  Q'r (O JZ £: >•> GJ <d £Z "O GJ 4-5 00 QJ S
p- * u  p  r- I. r- J U  O  £  P P * 0
r— 3 •<— S-«—  00 E 4-5 rd G> CJ
O  (O p  (O cn*r~ (O 3 _c X  U
C p  £  3 4-5 O U >  C 3 CZ O CO TD P  o
^ CT O •—  -r- C 004-5
p  au ■—  r0 cO QJ 00
n3 U 4-5 O  4-5
QJ Q - QJ oo
(O CT * r -  (U (tJ
> C S - * * - “O E 4 - > S -  
CZ QJ C  QJ 3  00 pO W D £ T3 '— 03
U  QJ ^  O S -  3  r — QJ X
O  OO QJ O  T J  GJ 4-5 4-5
oo c  4-5 O  C  fd
QJ QJ 00 - r -  00
_  ,  r  fd  C  CO
■r- > > 3  a» “O  QJ QJ 00
E cn“o p  p  q j  a  L QJ 
CL QJ O
U  QJ QJ - rd  P  X
QJ P
0 - 0  S- CL ,f“  4-5 *r ~ o  
4-5 - r -  CT
00 S
QJ »  O  
4-5 i_  C  1—
QJ
4-> > 00 
O QJ *'“(d S
c l o o j  ^  _  w  _
E I L W £ ( D P Q ) £ £ C J W O P -  
•r— QJ fd  p  C  «r— 4—5 03 O  O  T5 03 tO QJ
X  QJ QJ O  CL X  oo E • * - S -
> 0 * 4 - >  X  £  . r -  p  «3 QJ *<- r -  4-5 X  3
Q.00 o  • p  p  P  (0  u  3  QJ oo p-5 4-5. Q _ _ . -
00 GJ 03
QJ C P - r  * r -  _  
u  ^  c  * a  f l j  p  O  *  CZ 4-5
OJ - r -  £Z  C  OO OO O  *  >>
•(— o  O Q - 4 - 5  rd  •» - i—  o  > >  c n  GJ
*_ O - 4-5 CL O  4 - 5 S - T J C - O S - 3  
QJ > > P  0 0 0 0 # 0 « r - 3 3 Q J X J
c n  00 p  co QJ 3  X  Q - S -  4—5 cz
S - Q J C * « - | —  QJ 3  E  QJ T 3  cO QJ tO
£  VO c n
o
OO QJ 3 QJ »r— O S - ,  c n  4-5 <4- C ^ o
—  O  . 00 O  - r -  OJ C  4-5 * - < S - 0
Cl  QJ oo qj oo p  x :  « + _ fO
M W i n * r - p C O V 3'r.r-(l3PCLL C
QJ (TJ QJ QJ O  00 QJ •»— Q . »r— f O j O Q J  * Q J * » —
x :  c l x j  3 c c o  p p p c Q J  >  c  c n  
h— E  t j 1' "  (O o  Q . 1/1 V l * f -  Q) E p  O  L  Qj 
0 0 ‘ p ~ S - t -  S - , r " Q J  QJ C  £  D  in  T -  (U £
0 4 - 5  C  C L P  CL P  P  p  - r -  ^  ( 0 £ * r  p f - p
QJ o
x :  oo p
p  (C t f—
S- O
• ^  ^  o  <u o
Q J £ - r -  CO u  
(J  p  p  o  CL
GJ (X3 *r— i—  ro *0
• r -  c l p  o  t j  o  c :
s -  >>
c n
X  O  P  QJ QJ
- p  i_  P  - r -  00
oo S_ •*“  C  O  > >
QJ 3  o  S- P  O
p  p  to  OJ P
(J s -  «  QJ
■q  (0  (13 (0  *  X
QJ L  L  i / i  P
£  P  P  3  QJ QJ
o  O  QJ >  P  P
P P  I .  C  CJ (O (O
O  on U -  • * -  5 » - £
C  QJ fO O  3  P
C  -X PIE
3  T5 • X  • ' - t o
• QJ C  O  00 *r—
1 c  ^  o
rc3 * r -  to  > > P  
^ OJ p  OJ Q . " -  U
0 CJ5JC O  •»“  S- QJ
. C  P  QJ Q )  U  P  >
I t -  CO U  £  TJ QJ
: oo cn qj o  x  ^
1 3  C  S- CZ P  O
O  03 QJ QJ X
IL, ,—  ,—  X  C
i O  TJ 3  QJ P  ■>— ^
CJ X  QJ
i QJ QJ t -  p  C
O  p  p  (13 3 UJ
C  ro  S- T 3  - C  P  P
i (D O K U  C  P  C» C
: 3  (3  Q ( 3  oo <0
> CT CL 3  3  >
. QJ O  (3  * P  * 0
I CO S_ r— (35 >■) (13
. c  a x  (d “o  s_ to
. o  c n  QJ QJ t -
■ U  T 3  3  X )  VO >  T )
» c  o  •« - to
(3  «3 i .  QJ 00 j_
J X  P  c  o
to  QJ P  O  x :  * r-3
: -f- p  c D I P  (3> fO to 3 00 E
: co t -  qj oo o  QJ
» • * -  p  U  < r  D  + 5  <
to  |—  C  O  oo Q) QJ
P  • * -  p  * r -  S. X  •
r -  X  3  P  C  1
3  • O  Cn P  P  O
CO 4-5 P  C  (J  P  ,p"
QJ CO t -  ^  rO C  P
L  QJ QJ QJ J  L  - r  « r
p  r -  x  QJ P  O T 3  
£ 3  * f "  CL C  ■(O O > "O 3^ O
oo O
OJ p  
S- 00 
P  QJ
- X  P  rO n3 
E C
p  QJ QJ U  
S- 00 p  r— -r“
(3  T J  O
•s
>  QJ 0J 3
U  00 P  U r -  - r  
(J  O  C  P  TJ >
QJ (3  D . 1' -  C  U  L
X  S- Q . O  O  •»- OJ 1
P  o  o  CL O  p  to
Cn L  (3  p  
• f -  QJ O  O
QJ P  •—  
S 3  C  
Q - p  O
QJ
c n
QJ QJ
XJ p  X  00
S  QJ oo p
oo QJ 3  T 3
i—  3  X  00 C
I—  p  *D  (3  (0
QJ QJ QJ
S  S- P  to  C  * 3
QJ O  > >  QJ QJ
>> S r-3/ D1 
i—  c  c n
QJ > >  O  C  P  <3
E  s -  - i -  S-
QJ 4—5 4-5
s_ QJ (3  V 0 r -  s .
p  £  4-5 QJ
X O  C  X
QJ QJ QJ QJ E  4-4
c n  e  to
QJ -
P  TZ
rO C  P  __
r — <33 tO 00 tO * r
3  C  O  S- 
S- O  C
L  L  Q> P  »t3 QJ
QJ E  S- 4-5 C
QJ 3  i -  U  >  ' r
• r -  C  rd  P  X  C
■a o V- . p  •»-
O  •*— CO (33 QJ 
E P  QJ Q L  
r0 “O (33 
QJ •*— •*— ^  J
X  P  >  P  Pp  * r -  O tO p
O U
o
a  QJ o  s- 
c l p  to  - o
QJ QJ c p 3 p c
X CL P QJ o QJ P c
P to X Q) QJ c n U to rd o
C c n X P id rd OJ to u
“O U E u co p p QJ
c QJ to OJ rd p o id to id X
(d S rd CL “O CL \ c n p
<d X “O O u to rd
to 3 c n to P QJ s - QJ to CL
CO c QJ c CL P a) o P
id c n QJ (d u u to
> rd a) C o E p CL GJ
u E CO id u CO to P
QJ >> id rd c E p u . V
P X p “O o u c u u > n
rd a. QJ o QJ u *!T id CLQJ QJ p  to  CL 
c n x  O  QJ
■ g u p  a o
CZ *'“ 3 p  C  QJ
E “CJ
• r -  QJ 
P  P
S~ U  p  X )  O P  
q j  T- c 03 P  P
x  P  CJ * r -  (33
x  P  E  u  r
3  * r  D  Q1 U  QJ
L X J  U  U  0 £
P  CL >
QJ C  00 0_*<— C
x  QJ C  u  >  (3
P  p  - r -  S- L>
p  C  3
c  O  QJ (3  (/I
• r -  X  =  S-
QJ P  C  P
qj a  GJ «=C Q1
to c3 cnx E
T3 C  S  > 0
o  T3 T
00 u I to
n3 (0 (0
X  0J QJ • * -
P  P  > , * —  U
• r -  X  O  Qj c
> ,  s_ p  (d
,—  o  qj <ds_ p e to
QJ - r -(O =
QJ >  3  QJ X  
3  >  OJ C T X  P
W  L  C  t / l  X 5  (3  
• r -  O  O  3  Qj T 3
p  p
00 = (3 <3 U O
T -  r—  t -  . r -  to
SZ c  (33 I— 1 3  
P  <d O  C L P  C  
p  —  a c ^
v  „  QJ <U _  _
O  E  X  O  (d
S  O  > > P  Xo s: r— qj o
r—  O  C  P  '
to  0 - - r -  O
c o p  s- E•F- *r— -f- CL
00 p  p  (J  O
3  fd  C  * r -  x  o  
E  QJ P  O  O  
(d s- TD yi-^H 
p  O C  (d X  
( 3 p  Q J r *  5  5 
-a C  CL QJ
• r -  QJ O to  o 
00 “O O  QJ p
co cz QJ oo ( j
qj a i E " -  c  ^
c :  •<— * r“  >  q j  to  
X  to  P  S_ P  
c n  OJ QJ QJ to  
3  T 3  QJ E p  QJ 
i_  o  p  p
o
p  i .  3  lO
o
QJ p  to  p
S_ S- QJ r—
3  •—  OJ X  P  to
p  3  P  -f—  -----
o  P  QJ x  u
(d  QJ E  X  OO 
to  (d  QJ c n ^  
P  3  U  c  E
Id 00 »r-
p  a  q j - c m
Or- “O Id » 
“O  CO T- O  o
P  QJ to  E  i—  ,—i 
C P  Qj <3 
QJ X  C  > > X  B 
E  3  X  *—  P  
S  o  c n  o  t -  p  
t_  * 3  3  o .  3 :  o  
3  cz o
on 3 P  “O
<d QJ
oo OJ
QJ lO QJ U  QJ , r *
E • * -  S- U  to p
3  O  C  
QJ L0 P  P  O  U
X  P  CJ 3  CL O
j—  tO id  «r- to  .—
qj U QJ QJ QJ ppa L >
QJ
c n x Cc P •r—
“O Pc c
QJ CM QJ
X
QJ S
QJ
CO
u P to to
O  X u P QJ id
fd o ■f— U
to P p r— Pc 0 0o CZ to u
p QJ id fd *3u 5 u QJ
X J c u P
QJ 2  p QJ 0J O
P o o U X QJ c
u x QJ P  X
QJ to to X P to
P fd
X QJ QJ QJ 5
3 u > to U
to fd QJ c c
to fd o o
QJ QJ
U p U u u X p
QJ (d QJ cn (d
3 u P 3 cn
to p (d O idaj QJ E id E  x CL
u U E P o
QJ to QJ u
QJ “O CO (d CL
C L X p QJ QJ
p P rd C X
to QJ P u u
Q) r X (d (d
C  T J  3  O  T- 
>>  O  C  O  E  
C l * ' -  3  p  to  • * -  
t -  P  O  to  to  
(3  3  a
X u E QJ c QJ u MM
C_5 3 O X X U QJ
c n u X c n a j c p
QJ 3 3 3: cz X
X p o U O fd c n
p c 5 P to Eo P QJ QJo u o QJ 3 p
p c CM X c
c n o P id OJ c n
to c * 3 > u c
c * 3 C CZ QJ
QJ * 3 QJ fd 0 ) PE fd E QJ u Pto O u “3 3: o fd
p o o QJ p p * 3 LL_to QJ p CZ QJ u
QJ CL u u QJ X id fd * 3
P to id QJ X p QJ
CL c n QJ P
“3 3 U > ) " 3 C
C fd E to O c p QJ QJ
QJ u fd P QJ P E
CO to % c U to fd 3
p 3 QJ c U
c id p P QJ p Po QJ to QJ P P to
“3 £Z QJ X CZ c c
0 0 MM • r - P P TZ5 *r~ MM
QJ
to X c
* 3 fd P o > )
QJ 3: c n
P C QJ P p u O
u QJ X c n a j 3 QJ P to
to fd X P c u X ”3 C - 3
CL c n QJ * 3 QJ CO CZE 3 3: u X id a j QJ
O o 3 P c n P “3 o U
c P X * 3 c u o QJ P
o c c to P QJ o
fd 3 * 3 fd c X to X CL 3to G) QJ X 0) X P CO P O
X U to X p X 3 u QJ (O X
> p o QJ U c n U fd u QJ CO
p X o CO 3 C L X P
o £ \— to U O QJ .E p to fd“3 X fd P X * 3 pto c QJ id QJ P < QJ CM
QJ P CL u u X 3
fd E C >> CL QJ > > QJ u to Q)
u QJ c n fd X X > p QJ U
U to X u X p o U 3
QJ QJ QJ p 3 * 3 X c c n
CL U CM C U QJ QJ c n c QJ
X to CL Q) * 3 3 CO p
u QJ P a j QJ
o u QJ X O X c n X
u to U fd fd to P T3 P c P c
p id p QJ O a . o
OJ “3 CM o U > > E “3 o p
CL to p fd X QJ u u p
* 3 P GJ u >> P “3 QJ id
“3 QJ r— U 3 p c r— CL CO
3  X  O P  
u  w  D i p  < u * '“  C  
P  QJ t -  E  P  (d
O  l - L L d
C  P  
3  tO CO 
QJ QJ
c p  p  (d
c  p
to
co •
o
■8-
QJ c n  c l  c  QJ (d  to  
to  * r -  C  O  X  L. Id
*<— QJ O  * r -  P  (J  5
r—  S  O  p
•r— id  e  QJ to
p  c n ~ o  o x  to
3  C  QJ P  s» p  QJ
cz •*— P  u
O  U  3  C
P  3  CL QJ O
P  E  O 
cn L  U  O  c  P
\  OJ (d O QJ id
E  x  a  3  
X  P  to  r—
L P  LD  3  ( d p
cn
S- o c o
_  . QJ ^
■ E  O  L. CL
3  o  > ,  3  QJ
a  tzj o j  c n p  i—  j * :  
P  OJ $- o  p  o
to  qj “o  QJ (d  p  id
C  X  C  C  s_ * r -  u
• r -  to  ro  qj p  a
(d QJ x  
- o x  3  0 J * r -
(d p  to  t -  c
• 3  ** -  
to  c n  >>  c n
(d C £ - r ^  
S  «r- L u  U  >nXJ * «3 
tO S- GJ t .
3 Id c co u
P  > ••- QJ 
(d e t- p  
a  > ,  i_  cn *—i
<d x  QJ S~ 12
a. P  QJu. 
a ^ Q J  C m  
(d cn-o OJ
a qj
P  QJ to  q----- CZ
to c •*“ O P
QJ QJ
P  C  QJ O 
r -  o cnp
p  fd t- c 
x  •— P  id u 
cnp (d u id
QJ QJ P  rd * r-  
5 P  •(- E 
O  C  s~ • * -  
c n  CL *|— QJ to 
c >
•r- X  ^  O Qj
'—  c o  s-
r— QJ Id to  Id
(d a a p  
P  GJ O  O  x  
P  (do 
QJ P  S- C L - r -
x  •*- o e x
p  -O p  *r- ?
u r—
p
cz c.
o p o
o
id
“O p
3
u
QJ
“3 o
cz E  P
fd
QJ
QJ
* 3
to X 1
QJ P QJ
3 U
c r o u
fd p o
p
CL u
id QJ
§ 3
X
P
U U
P
*o
Eo
P c u
3 QJ p
U CL
U * 3
CO QJ GJ
to fd C L P
p 3 fd
CO to
QJ cz QJ 3
p QJ U U
E QJ
to id
co u Cl U
QJ QJ p
C CL to QJ
X to OJ U
c n P GJ
3 C
O o QJ
P X to
to P a j
QJ c 3
U QJ X
3 P c n id
P 3 >
O P O
fd u U  CD
u fd X
p C L P “3
C
c c id
o U £
o
to QJ u
c CL c n
QJ >>
P P to
fd
CZ
o
P 5
u P p
fd CO u
CL < U QJ
E rd u
O cz u
o < u 3
co id  
S- c n  q j  u  
a j  c  3  p> T- ,  lO
QJ QJ Id 
S  x  >  QJ
QJ s
QJ
QJ
_  S- P  
3  QJ o  (d 
“O  U  P
a j  qj S- 
s .  J  l  a)
QJ X
>■>  ^-* p  c nQJ QJ - r -  p
P  5- X  > )  ,  _
0  QJ X  P  r—  QJ QJ o
c  S  to  0 ( d > u p
“0 * 0  o  QJ c n
QJ to  a  GJ > ^ - r -  5  QJ
x  c i d p p p o t o s -  
o ~ g i d ' « — r d r i d i d  
d 1' "  O  (J  S- E  S 1  p  p  «r- O  (d  ^—v to
3  X J *^~ U  P  r -
o - o  to  c  s -  * o '  c  <d
X  tz  -O  G) QJ *r—
to  O  CZ C l  to  tO E  S-
U Q I I O 3 3 L Q J 0 J  
p  S - ( d c o 5 o > P
mm  cz p  p  o  (d
• * -  * . - o  X  O  S- E
3  OJ > ,  U  T  (3  a
• s - X  c n s _ P  E  * o  P
l o  p  p  a  t -  p  t -  qj >
to  qj id  (d  > >  •»-
* 3  S ~ c E E P t o p x
C  QJ O  QJ * r -  -r- c n
( d C P  QJ QJ to  X  d
(d  c  x  * o  c p  o x
^  r -  to  O  44  T -  CJ E
C l p  •«— E  P  “o  P
to  c p p i d c z c s _ ( d
qj p  3  (d  (d > , t -  (d  qj
a  (d  o  c n x  •—  A x  <u
3  X  o  ( d p  o  to  p  X  o
c n p  U  G  CL CO c 3  c
• r -  3  o  lO GJ GJ a  GJ
p  a  S- QJ * o  a  e  s -
(d  >>  C L P  Qj P  QJ QJ QJ
c  a i r -  ro  cz to  u  x  p
• r r - x ^  u  a i  s_ p  p
U  3  u  - r  X  QJ O  •»-
- o  X  (d  - a  c n x  p  * o  
QJ to  O  S- C  3  p
op  (d u  o  
C  S  CL
CO p  to X  GJ S- p
QJ -f— •»— P  p  -
T -  to  QJ 
G) G) r -  
S_ P  P
(d  X  GJ t_  O  '—
to  P  a  X  E  X  CL
3  GJ •<— E  to
P d  to  QJ s_ U P  O  - r -
>  C  p  CO u  u
(d  to  (d  * o  o  > >  oj
S  Q) QJ Q J p £ d  L
O - O P i —  U C  GJ GJ
—  QJ QJ u  * r  d  c  X
-  -  - - “  QJ QJ QJ p
to p  a  to
co (0 id q j  >> c id c n p
•r- p  sz cn *r- GJ QJ 3  3
x p  C P U  q j u u  o xi— rd aj u x  u p  xdczcc-r-ccP
p  E - ' - O J  3  P  3 p -
* r— £Z
u
p
fd
to cz
* r o
3
C p
CZ id
o p
to cz
p p QJ
fd
3 P u
to c o
QJ QJ
U u
5- fd
to O
P 3
c 3 u
QJ CZ UJ
C id
o o
Cl j c E
p
3 5 3
O CZ CZ
QJ fd
QJ
P cz
QJ o
to U
O X p
CL 3
fe
p X
u QJ u
X p
3  P to
QJ
3 3
3 to QJ
QJ Nl
E U »r—
3 to
C P
o O QJ
3
p U Uu 4-5
QJ CO P
u
c 3 ♦d
T - QJ
P
X
P fd u
o U QJ
X
c X
o c L - 3E S-
p O
fd u QJu X
«d > > p
CL.
QJ QJ
u C
CL QJ o
tV*
.
taua ^Dicta t ftdoTXJO
3
O
>
.s?
2
O
h
O
<C£
IL
U.
ftBuaua u o t 'Vtdt^ xut
alm iLuuUmCiiifcluatCn
cJ
C. V
I t .
I X
i ii iHiiii|iii i | ii i i|<iiipmtmTpni|TinriiirTntO'*-NOffi(fl'»-NQOtD 
CN CN CN CN —
. .2
CN
itn<n
."8
u  §* .
_ O  <L>3 +J cn
: u
Z 4-> 
j d; +j 
JZ • * -
J 4~> r—
3 4-> CO
3 §  s_
-i; j:r 4- jq
- * 4 -  3
. f -  i_: xj 
3 O  
-  CL> C
5 c
_ to  -f—
J *r~ fO
J 0) C
; 8 S 
3 8 55
!- O
;  i s
’ = -g 
’1 «
8
J ftJ 4->
• s
g *
Si
“8
(J
i -
o
=
QJ
U
C
S'S
Sfi
S;c
S  a,
O  JQ
•r- at
c  r>-
r- ^3
3
CL *
§-
“O
<c cn
J=r-<
8  >n
s: r-
aj to
.8 8  
•r- 4J
I I
00
S 3  
X)
U. 4^ 
= O
fO »r“
8  S
c o  OJ
o  §  
'-o
CD
s:
I s
V S
CJ I- to <U
8 8  
V -  c
T 3 1 3
co s:
4-3
i f ro *
Jz V)
h- U
2 T-
r-} QJ 
>
o  ■'-
4-J
to ‘to 
CD
CC *o
* to 
CC fl3
a  c l
O  QJ
" 8
I \ f
S lu  oj
x : -o  -o
•S&g 
tS'S .
C  f—
QJ «r- <V 
SZ O  * o
J -  t -  «
2 r—
QJ •»- 
*  U  SZ 
CD JZ CL.
ST 4 -  l u
C -  C O  H - 1  
0) to <  
*2 ** 1
CO
1
£ . 2  8
X O C h N ^
fO  CNJ CM CNJ
S I * c n  r~-» 
^ • h  c n
H  H  1
o3
l e d
Q - C M ^ N O  
CD • • • •
—  id on •sr
u. o  o  o  o
r o  o >  
4 - 0  h  c - | r o
N U J f O O
C O M
c o  c n  t—< cnj 
o j  c o  c n
I D  CD i n  CD
o o o o
I D  O  CNJ h  
0 0  CD CO CNJ
soens 
cnj l d  r - *
o o o o
00 H  CO
o  o  o  o
r o  O  o o  o  
cnj r ^ .  c o  cnj
c o  c o  cd
*3- c-*. o o  a t
O  O  CD t—< 
cnj c o  ^  CD
o  o  o  o
CNJ CNJ CNJ CNJ
a t  o o
CO rH CNJ
o o o o
■8
1
M  2
Z |
to
g
I
< esn^ s
< f >  f t & jo u a  N0 U V I 11N I  > P ^ 3  p i o g s a j ^ n
" 3
id w
( nDJdUd UTT&U^
Fi
br
e 
Fr
ac
ti
on
 
(50
 
VP
GLOSSARY OF TERMS
Ayr = fibre cross section 
AE = acoustic emission 
a,c = crack length 
b = specimen thickness 
CFP = cut-from-plaques (machined testpieces)
CT = compact tension 
DBC = dual beam cantilever 
DEN = double edge notched (tension)
DSC = differential scanning calorimetry 
d = fibre diameter 
E = Young's modulus 
EPDN = type I ethylene-propylene rubber 
F, P = force applied 
FLD = fibre length distribution 
FOD = fibre orientation distribution 
Gffl = matrix shear modulus
G(- = critical strain energy release rate
GFRPP = glass fibre reinforced polypropylene
HDT = heat distortion temperature 
IFWIT = instrumented falling weight impact test 
K = stress intensity factor
KIC = critical stress intensity factor in the 'I' direction 
K q = stress intensity factor (untested for criticality)
1 = fibre length
1* = fibre length parameter
l£- = critical fibre length
L = beam span
LEFM = linear elastic fracture mechanics 
MEP = type II ethylene-propylene rubber (modified EP)
N6.6 = nylon 6.6 
N6 = nylon 6
NSR = notched strength ratio 
rp = plastic zone radius 
rg = Irwin's plastic zone correction 
i£  = fibre radius
Re = fibre separation
RRIM = reinforced reaction injection moulding 
RTN = rubber toughened nylon 
S = span 
SEM = scanning electron microscope 
SFRTP = short fibre reinforced thermoplastic
SGFRN = short glass fibre reinforced nylon
Tn = glass transition temperature 
TEM = transmission electron microscope 
TPNo. = testpiece type number 
t = time
U = energy
UTS = ultimate tensile strength
Vr = volume fraction of fibres
w,w = specimen width
Wy: = weight fraction of fibres
w = work done
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Wo = work of pullout
tF •• ^ ^  ^ 1x = transfer length
Y = geometry factor
Y = debonded length
7  = surface energy (or contribution to-)
8= crack tip radius = yield stress transverse strain 
£ l= longitudinal strain 
n  = deflection
t= density of fibres, matrix
'= angle of the fibres with respect to a reference direction
Qj= average stress carried by the fibre 
Q M= strength (ultimate stress)
0  = strain
X  = interfacial bond strength 
V, = Poisson ratio
0 m= stress in the matrix at composite fracture 
ubscript f,m,c = of the fibre, matrix, composite
stress
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